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(54) Solid State Dye Sensitized Solar Cell 

(57) A solid type dye-sensitized photoelectric con- 
version element which is excellent in photoelectric con- 
version efficiency and which can be manufactured at a 
low cost is disclosed. The photoelectric conversion ele- 
ment can be applied to a so-called wet type solar cell 
which does not use any electrolyte. The solar cell com- 
prises a first electrode 3, a second electrode 6 arranged 
opposite to the first electrode 3, an electron transport 
layer 4 arranged between the first electrode 3 and the 
second electrode 6, a dye layer D which is in contact 
with the electron transport layer 4, a hole transport layer 
5 arranged between the electron transport layer 4 and 



the second electrode 6 and being in contact with the dye 
layer D : and a barrier layer 8, and these elements are 
provided on a substrate 2. The barrier layer 8 constitutes 
short-circuit preventing or suppressing means for pre- 
venting or suppressing short-circuit between the first 
electrode 3 and the hole transport layer 5. The porosity 
of the barrier layer is made smaller than that of the elec- 
tron transport layer 4. The barrier layer is formed into a 
film-like shape and arranged between the fist electrode 
4 and the electron transport layer 4. The solar cell can 
accomplish excellent photoelectric conversion efficien- 
cy by the provision of such a barrier layer 8. 
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Description 

BACKGROND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to a photoelectric 
conversion element. 

Description of the Prior Art 

[0002] From the approximately past ten years ago, 
grate attention has been paid to solar cells (photoelec- 
tric conversion element) employing silicon as a power 
source which is harmless to the environment. As for 
these solar cells employing silicon, a monocrystalline 
silicon type solar cell is known, which is used in artificial 
satellites or the like. In addition, as solar cells for prac- 
tical applications, there are known a solar cell employing 
polycrystalline silicon (single crystal silicon) and a solar 
cell employing amorphous silicon. These solar cells 
have already been practically used in industrial and 
household applications. 

[0003] However, since these solar cells employing sil- 
icon require high manufacturing cost and a great deal 
of energy in manufacturing thereof, thus these solar 
cells are not yet established as an energy-saving power 
source. 

[0004] Further, since a dye-sensitized wet solar cell 
such as those disclosed in Japanese laid-open patent 
applications No. H01 -220380, No. H05-504023 and No. 
H06-51 1113 employs an electrolyte of which vapor pres- 
sure is extremely high, there is a problem in that the 
electrolyte volatilizes. 

[0005] For solving the problem, a perfect solid type 
dye-sensitized solar cell has been proposed (K. Tenna- 
kone, G.R.R.A. Kumara, I.R.M. Kottegoda, K.G.U. Wi- 
jiayantha, and V P S. Perera: J. Phys. D: Appl. Phys. 31 
(1998)1492). This solar cell is composed of an electrode 
on which a Ti0 2 layer is laminated and a p-type semi- 
conductor layer provided on the Ti0 2 layer. However, 
this solar cell has a problem in that the p-type semicon- 
ductor layer is liable to penetrate the Ti0 2 layeTto short- 
circuit the electrode. 

[0006] Further, in the above proposal, Cul is used as 
a constituent material of the p-type semiconductor. The 
solar cell employing the Cul has a problem in that a gen- 
erated current is lowered due to its deterioration caused 
by the increase in the crystal grain size of Cul and the 
like. 

SUMMARY OF THE INVENTION 

[0007] It is an object of the present invention to pro- 
vide a solid type dye-sensitized photoelectric conver- 
sion element which is excellent in photoelectric conver- 
sion efficiency and which can be manufactured at a low 
cost. 



[0008] Sn order to achieve the above object, the 
present invention is directed to a photoelectric conver- 
sion element, which comprises a first electrode; a sec- 
ond electrode arranged opposite to the first electrode; 

5 an electron transport layer arranged between the first 
electrode and the second electrode, at least a part of 
the electron transport layer being formed into porous; a 
dye layer which is in contact with the electron transport 
layer; a hole transport layer arranged between the elec- 

10 tron transport layer and the second electrode; and short- 
circuit preventing means for preventing or suppressing 
short-circuit between the first electrode and the hole 
transport layer. 

[0009] This makes it possible to provide a solid type 
is dye-sensitized photoelectric conversion element having 
an excellent photoelectric conversion efficiency. 
[0010] In the present invention, it is preferred that the 
short-circuit preventing means includes a barrier layer 
having a porosity smaller than the porosity of the elec- 
20 tron transport layer. This makes it possible to more reli- 
ably prevent or suppress short-circuiting caused by 
electrical contact or the like between the first electrode 
and the hole transport layer, thereby enabling to effec- 
tively prevent the photoelectric conversion efficiency of 
25 the photoelectrical conversion element from being low- 
ered. 

[0011] In this case, it is preferred that when the po- 
rosity of the barrier layer is defined by A% and the po- 
rosity of the electron transport layer is defined by B%, 
30 the value of B/A is equal to or greater than 1.1. This 
makes it possible for the barrier layer and the electron 
transport layer to exhibit respective functions more ap- 
propriately. 

[001 2] More preferably, the porosity of the barrier lay- 
35 er is set to be equal to or less than 20%. This makes it 
possible to prevent or suppress the short-circuiting be- 
tween the first electrode and the hole transport layer 
more reliably. 

[001 3] Further, it is preferred that the ratio of the thick- 
40 ness of the barrier layer with respect to the thickness of 
the electron transport layer is in the range of 1 :99 to 60: 
40. This also makes it possible to prevent or suppress 
the short-circuiting between the first electrode and the 
hole transport layer more reliably. Further, it is also pos- 
45 sible to effectively prevent the amount of light to be 
reached to the dye layer from being reduced. 
[0014] Furthermore, it is also preferred that the aver- 
age thickness of the barrier layer is in the range of 0.01 
to 10u.m. This also makes it possible to effectively pre- 
50 vent the amount of light to be reached to the dye layer 
from being reduced. 

[0015] Moreover, it is also preferred that the barrier 
layer has electric conductivity which is substantially the 
same as that of the electron transport layer. This makes 
55 }t possible to effectively move electrons from the elec- 
tron transport layer to the barrier layer. 
[0016] Moreover, it is also preferred that the barrier 
layer is mainly constituted from titanium oxide. This also 
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makes it possible to effectively move electrons from the 
electron transport layer to the barrier layer. 
[0017] Moreover, it is also preferred that the barrier 
layer is formed by means of a MOD method including a 
metal organic deposition and a metal organic decompo- 5 
sition. This makes it possible to easily and reliably obtain 
a barrier layer having a dense structure, that is having 
a desired porosity. 

[0018] In this case, preferably the barrier layer is 
formed using a barrier layer material when the barrier w 
layer is formed by means of the MOD method, in which 
the barrier layer material contains a metal alkoxide and 
an additive having a function for stabilizing the metal 
alkoxide. 

[0019] Further, preferably, the additive is a hydrolysis 15 
suppressing agent that suppresses hydrolysis of the 
metal alkoxide by being replaced with alkoxyl group of 
the metal alkoxide and coordinated with the metallic at- 
oms of the metal alkoxide. 

[0020] Further, it is also preferred that the resistance 20 
value in the thickness direction of the total of the barrier 
layer and the electron transport layer is equal to or great- 
er than 1 OOkO/cm 2 . This makes it possible to prevent or 
suppress the short-circuiting between the first electrode 
and the hole transport layer more reliably. 25 
[0021 ] Furthermore, it is also preferred that the barrier 
layer is disposed between the barrier layer and the elec- 
tron transport layer. This also makes it possible to pre- 
vent or suppress the short-circuiting between the first 
electrode and the hole transport layer even more relia- 30 
bty. 

[0022] In this case, it is preferred that the boundary 
between the barrier layer and the electron transport lay- 
er is unclear. This makes it possible to reliably move 
electrons between the electron transport layer and the 35 
barrier layer. 

[0023] It is also preferred that the barrier layer and the 
electron transport layer are integrally formed with each 
other. This also makes it possible to reliably move elec- 
trons between the electron transport layer and the bar- 40 
rier layer. 

[0024] Further, it is also preferred that a part of the 
electron transport layer functions as the barrier layer. 
This also makes it possible to reliably move electrons 
between the electron transport layer and the barrier lay- 45 
er. 

[0025] In the present invention, it is preferred that the 
short-circuit preventing means is a spacer which defines 
a space between the fist electrode and the hole trans- 
port layer. This makes it possible to more reliably pre- 50 
vent or suppress short-circuiting caused by electrical 
contact or the like between the first electrode and the 
hole transport layer, thereby enabling to effectively pre- 
vent the photoelectric conversion efficiency of the pho- 
toelectrical conversion element from being lowered. 55 
[0026] In this case, it is preferred that when the aver- 
age thickness of the spacer is defined by H urn, the max- 
imum thickness of the hole transport layer is defined by 



hi jim. and the total thickness of the electron transfer 
layer and the dye layer is defined by h2 pm, they are 
configured so as to satisfy the relationship represented 
by the formula of h 1 + h2 > H > hi . This makes it possible 
to even more reliably prevent or suppress short- 
circuiting caused by electrical contact or the like be- 
tween the first electrode and the hole transport layer. 
[0027] In the present invention, it is also preferred that 
the dye layer functions as a light receiving layer which 
generates electrons and holes when receiving light. 
Such a dye layer is most preferable to the present in- 
vention. 

[0028] In this case, it is preferred that the electron 
transport layer has an outer surface and a number of 
holes each having an inner surface, and the dye layer 
is formed on the outer surface of the electron transport 
layer as well as along the inner surfaces of the holes. 
This makes it possible to transport the electrons gener- 
ated in the dye layer to the electron transport layer ef- 
fectively. 

[0029] Further, it is also preferred that the electron 
transport layer has at least a function that transports the 
electrons generated in the dye layer. Such an electron 
transport layer is most preferable to the present inven- 
tion. 

[0030] In the present invention, it is also preferred that 
the electron transport layer is formed into a film-like 
shape. This makes it possible to form the element into 
a thinner structure and to reduce its manufacturing cost. 
[0031] Preferably, the average thickness of the elec- 
tron transport layer is in the range of 0.1 to 300um This 
makes it possible to form the element into a thinner 
structure with maintaining the photoelectric conversion 
efficiency of the photoelectric conversion element ap- 
propriately. 

[0032] In the present invention, it is also preferred that 
the porosity of the electron transport layer is in the range 
of 5 to 90%. This makes it possible to sufficiently enlarge 
the formation area of the dye layer. As a result, the dye 
layer enables to generate sufficient amount of electrons, 
and transport them to the electron transport layer with 
high efficiency. 

[0033] In the present invention, it is also preferred that 
at least a part of the electron transport layer is formed 
of an electron transport layer material in the form of pow- 
der having the average particle size of 1 nm to 1 um. This 
makes it possible to obtain a porous electron transport 
layer more easily and reliably. 

[0034] Further, it is also preferred that at least a part 
of the electron transport layer is formed of an electron 
transport layer material by means of a sol-gel method 
employing a sol liquid containing powder having the av- 
erage particle size of 1nm to 1jim. This also makes it 
possible to obtain a porous electron transport layer more 
easily and reliably. 

[0035] In this case, it is preferred that the content of 
the powder of the electron transport material in the sol 
liquid is in the range of 0.1 to 1 0wt%. This makes it pos- 
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sible io set the poiosity of the election iianspuu iayej 
appropriately. 

[0036] I n the present invention , it is also preferred that 
the electron transport layer is mainly formed of titanium 
dioxide. This enables the electron transport layer to en- 
hance its electron transporting ability, and the electron 
transport layer itself becomes to generate electrons. 
[0037] In the present invention, it is also preferred that 
the hole transport layer is mainly formed of a substance 
having ion conductive property. This makes it possible 
for the hole transport layer to transport holes generated 
in the dye layer effectively. 

[0038] In this case, preferably, the substance having 
the ion conductive property is a metal halide compound. 
This also makes it possible for the hole transport layer 
to transport holes generated in the dye layer more ef- 
fectively. More preferably, the metal halide compound 
includes a metal iodide compound. This also makes it 
possible for the hole transport layer to transport holes 
generated in the dye layer furthermore effectively. 
[0039] Further, it is also preferred that the hole trans- 
port layer is formed by applying the hole transport ma- 
terial containing the substance having the ion conduc- 
tive property onto the dye layer by means of a coating 
method. This enables to increase the contact area be- 
tween the dye layer and the hole transport layer so that 
the hole transport layer can transport holes more effec- 
tively. 

[0040] In this case, it is preferred that the hole trans- 
port layer is formed by applying the hole transport layer 
material onto the dye layer while the dye layer is being 
heated. This makes it possible to form the hole transport 
layer in a short time. 

[0041] Further, it is also preferred that the hole trans- 
port layer material contains a crystal size coarse sup- 
pressing substance which suppresses increase in the 
crystal size of the substance having the ion conductive 
property when the substance crystallizes. 
[0042] In this case, it is preferred that the content of 
the crystal size coarse suppressing substance in the 
hole transport layer material is in the range of 1 x 10' 6 
to 10wt%. 

[0043] It is also preferred that the crystal size coarse 
suppressing substance includes thiocyanic acid salt, 
ammonium halide, or cyanoethylate. 
[0044] Further, it is also preferred that the crystal size 
coarse suppressing substance suppresses the increase 
in the crystal size of the metal iodide compound when 
the metal iodide compound crystallizes by being bonded 
to the metallic atoms of the metal iodide compound. 
[0045] Furthermore, it is also preferred that the hole 
transport layer material contains a hole transport effi- 
ciency enhancing substance that enhances the trans- 
port efficiency of the holes. This makes it possible for 
the hole transport layer to have enhanced hole transfer 
efficiency and improved electrical conductivity. 
[0046] In this case, it is preferred that the content of 
the hole transport efficiency enhancing substance in the 



hole transport layer material is in the range of 1 x 10' 4 
to 1 x 10" 1 wt%. This makes it possible to further en- 
hance the hole transfer efficiency. 
[0047] Further, it is also preferred that the hole trans- 
5 port efficiency enhancing substance includes a halide. 
More preferably, the halide is ammonium halide. This 
also makes it possible to further enhance the hole trans- 
fer efficiency. 

[0048] In the present invention, it is preferred that the 
10 photoelectric conversion element further comprises a 
substrate for supporting the first electrode. 
[0049] Further, in the present invention, it is also pre- 
ferred that when the first electrode and the second elec- 
trode are applied with a positive and a negative voltage, 
is respectively, with their difference being 0.5V, its resist- 
ance is larger than about 1000/cm 2 . The fact that the 
photoelectric conversion element has such a character- 
istic as mentioned above means that occurrence of 
short-circuiting between the first electrode and the hole 
20 transport layer is effectively prevented or suppressed. 
Therefore, such a photoelectric conversion element can 
have more improved photoelectric conversion efficien- 
cy. 

[0050] Furthermore, in the present invention, it is also 
25 preferred that when the photoelectric conversion effi- 
ciency forthe angle of incidence of light on the dye layer 
of 90 and 52 are designated by R 90 and R 52 , respective- 
ly, the ratio Rs^Rgo is 'arger than 0.8. The fact that the 
photoelectric conversion element can have such a char- 
30 acteristic as mentioned above means that the photoe- 
lectric conversion element has a low directivity for light, 
that is, it is isotropic to light. Accordingly, such a photo- 
electric conversion element can generate power more 
efficiently over almost entire range of shining period of 
35 the sun, if such a photoelectric conversion element is 
used outdoor. 

[0051] Moreover, the photoelectric conversion ele- 
ment of the present invention is preferably applied to a 
solar cell. Although the photoelectric conversion ele- 
40 ment of the present invention may be applied to various 
devices or apparatuses, it is particularly preferably ap- 
plied to a solar cell. 

[0052] These and other objects, structures and ad- 
vantages of the present invention will be apparent from 
the following detailed description of the invention and 
the examples taken in conjunction with the appended 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

50 ~ ----- - - 

[0053] Fig. 1 is a cross sectional view of a part of a 
first embodiment of the present invention which is a case 
that the photoelectric conversion element of the present 
invention is applied to a solar cell. 
55 [0054] Fig. 2 is an enlarged cross-sectional view 
which shows a cross section in the vicinity of the central 
part of the solar cell of the first embodiment along with 
its thickness direction. 
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[0055] Fig. 3 is an enlarged cross-sectional view 
which shows the cross section of the electron transport 
layer in which a dye layer is formed. 
[0056] Fig. 4 is a schematic view which shows the 
structure of the electron transport layer and the dye lay- 
er. 

[0057] Fig. 5 is a schematic illustration which shows 
the principle of the solar cell. 

[0058] Fig. 6 is a diagram which shows an equivalent 
circuit of the circuit used in the solar cell shown in Fig. 1 . 
[0059] Fig. 7 is an illustration for explaining other man- 
ufacturing method of the solar cell of the first embodi- 
ment (that is, an enlarged cross sectional view which 
shows a state before the electron transport layer formed 
with the dye layer and the hole transport layer are 
joined). 

[0060] Fig. 8 is a cross sectional view which shows a 
structure of the solar cell of a second embodiment ac- 
cording to the present invention. 

[0061] Fig. 9 is an illustration for explaining other man- 
ufacturing method of the solar cell of the second embod- 
iment (that is, an enlarged cross sectional view which 
shows a state before the electron transport layer formed 
with the dye layer and the hole transport layer are 
joined). 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0062] In the following, the photoelectric conversion 
element will be described in detail with reference to pre- 
ferred embodiments shown in the accompanying draw- 
ings. 

<First Embodiments 

[0063] Fig. 1 is a partial cross sectional view which 
shows a first embodiment which is a case that the pho- 
toelectric conversion element of the present invention is 
applied to a solar cell, Fig. 2 is an enlarged cross sec- 
tional view which shows the cross-section of the first em- 
bodiment of the solar cell in the vicinity of the central 
part in its thickness direction, Fig. 3 is a partially en- 
larged view which shows the cross-section of an elec- 
tron transport layer formed with a dye layer, Fig. 4 is a 
schematic diagram which shows the constitution of the 
electron transport layer and the dye layer, Fig. 5 is a 
schematic diagram which shows the principle of the so- 
lar cell, and Fig. 6 is a diagram showing an equivalent 
circuit of the solar cell circuit shown in Fig. 1 . 
[0064] A solar cell 1 A shown in Fig. 1 is a type that 
does not require an electrolytic solution, and it is referred 
as a so-called dry solar cell. The solar cell 1 A has a first 
electrode 3, a second electrode 6 arranged facing the 
first electrode 3, an electron transport layer 4 arranged 
between these electrodes, a dye layer D which is in con- 
tact with the electron transfer layer 4, a hole transport 
layer which is arranged between the electron transport 



layer 4 and the second electrode 6 and is in contact with 
the dye layer D, and a barrier layer 8, and these ele- 
ments are provided on a substrate 2. 
[0065] In the following, each constitutive element will 

5 be described, in which the upperside and the lower side 
of each layer (member) in Fig. 1 and Fig. 2 will be re- 
ferred to as a top face and a bottom face, respectively. 
[0066] The substrate 2 is provided for supporting the 
first electrode 3, the barrier layer 8, the electron trans- 

10 port layer 4, the dye layer D, the hole transport layer 5 
and the second electrode 6, and it is formed from a plate- 
like member. 

[0067] As shown in Fig. 1 , the solar cell 1 A of this em- 
bodiment is used by receiving light, for example, sun- 

*5 light (hereinafter, referred to simply as "light") from the 
side of the substrate 2 and the first electrode 3, that is, 
by being illuminated with the light from the side of the 
substrate 2 and the first electrode 3. For this reason, it 
is preferable that the substrate 2 and the electrode 3 are 

20 respectively substantially transparent. By so choosing, 
light can be made to arrive at the dye layer D with high 
efficiency. What is meant here by the term of the sub- 
stantially transparent is that it may be either one of ach- 
romatically transparent, chromatically transparent or 

25 semitransparent. 

[0068] Examples of the constituent material of the 
substrate 2 include various kinds of glass material, var- 
ious kinds of ceramic material, various kinds of resin ma- 
terial such as polycarbonate (PC) and polyethylene 

30 terephthalate(PET) : or various kinds of metallic material 
such as aluminum. 

[0069] The average thickness of the substrate 2 is ap- 
propriately set depending upon the material, usage or 
the like, and is not particularly limited, but it may be set, 

35 for example, as follows. 

[0070] When the substrate 2 is formed of, for exam- 
ple, a hard material such as a glass material, it is pref- 
erable that its average thickness is about 0.1 to 1 .5mm, 
and more preferably about 0.8 to 1 2mm. 

to [0071 ] Moreover, when the substrate 2 is formed of a 
flexible raw material such as polyethylene terephthalate 
(PET), for example, it is preferable that its average thick- 
ness is about 0.5 to 150pm, and more preferably about 
10 to 75u,m. 

45 [0072] In this connection, it should be noted that the 
substrate 2 may be omitted as needed. 
[0073] On the top face of the substrate 2, there is pro- 
vided a layer-form (plate-like) first electrode 3. In other 
words, the electrode 3 is installed on the side of the light- 
so receiving face of the electron transport layer 4 on which 
the dye layer D that will be described later is formed so 
as to cover the light-receiving face. The electrode 3 re- 
ceives electrons generated in the dye layer D via the 
electron transport layer 4 and the barrier layer 8, and 
55 transmits them to an external circuit 100 connected 
thereto. 

[0074] The constituent material for the first electrode 
3 is not particularly limited. Examples of the constituent 



5 



3NSOOCIO: <EP 121 3775 A2J_> 



9 

materiai include metal oxides such as indium tin oxide 
(ITO), fluorine-doped tin oxide (FTO), indium oxide (IO) 
and tin oxide (Sn0 2 ), metals such as aluminum, nickel, 
cobalt, platinum, silver, gold, copper, molybdenum, tita- 
nium, and tantalum or their alloys, or various kinds of 
carbon materials such as graphite may be mentioned, 
and one kind or a combination of two or more kinds of 
these materials may be used. 

[0075] The average thickness of the first electrode 3 
is appropriately set depending upon the material, usage 
and the like, and is not particularly limited, but it may be 
set, for example, as in the following. 
[0076] When the first electrode 3 is formed of a me- 
tallic oxide, namely, of a transparent conductive metallic 
oxide, it is preferable that its average thickness is about 
0.05 to 5u.m, and more preferably about 0.1 to 1 .5u,m. 
[0077] Moreover, when the first electrode 3 is formed 
of a metal in the above or its alloy or one of the various 
kinds of carbon materials, it is preferable that its average 
thickness is about 0.01 to 1u/n, and more preferably 
about 0.03 to 0.1 u,m. 

[0078] The first electrode 3 is not limited to the struc- 
ture shown in the figure, and it may be formed into a 
shape, for example, which has a plurality of comb teeth. 
In this case, since light arrives at the dye layer D by 
passing the spaces between the plurality of comb teeth, 
the first electrode 3 need not be transparent. This choice 
of the shape extends the latitude of selection of the con- 
stituent materia! for the first electrode 3 and its manu- 
facturing method. Moreover in this case, the average 
thickness of the electrode 3 is not particularly limited, 
but it is preferable that it is about 1 to 5 m. 
[0079] Furthermore, it is possible to use a combina- 
tion of comb-teeth-like electrode and a transparent elec- 
trode made of ITO, FTO or the like as the first electrode 
3. When combining these electrodes, they may be lam- 
inated with each other, for example. 
[0080] On the top face of the first electrode 3, a film- 
like barrier layer 8 is provided. The barrier layer 8 acts 
as preventing means against short-circuiting, and the 
details of the barrier layer 8 will be described later. 
[0081] On the top face of the barrier layer 8, there are 
provided a porous electron transport layer 4 and the dye 
layer D which is in contact with the electron transport 
layer 4. 

[0082] The electron transport layer 4 has at least a 
function of transporting electrons generated in the dye 
layer D. 

[0083] Examples of the constituent material of the 
electron transport layer 4 include n-type oxide semicon- 
ductor materials such as titanium oxides (e.g. titanium 
dioxide (Ti0 2 ). titanium monoxide (TiO), titanium triox- 
ide (Tl 2 0 3 ) : and the like); zinc oxide (ZnO); tin oxide 
(Sn0 2 ), and other n-type semiconductor materials. One 
kind or a combination of two or more kinds of these ma- 
terials may be used. Among these materials, titanium 
oxides, in particular titanium dioxide are especially pre- 
ferred as the constituent material for the electron trans- 



10 

fer layer 4 . That is, it is preferable that the electron trans- 
port layer 4 is composed of titanium dioxide. 
[0084] Titanium dioxide is superior in particular in the 
transport performance of electrons. Moreover, since ti- 

5 tanium dioxide has a high sensitivity to light, the electron 
transport layer 4 is capable of generating electrons by 
itself. As a result, the solar cell 1 A can further enhance 
the photoelectric conversion efficiency (power genera- 
tion efficiency). 

10 [0085] Further, since the crystal structure of titanium 
dioxide is stable, the electron transport layer 4 having 
titanium dioxide as the principal material has an advan- 
tage that it has a small secular change (deterioration) 
and therefore is capable of continuously providing a sta- 

15 ble performance for a long period of time even when it 
is exposed to a severe environment. 
[0086] Moreover, as forthe titanium dioxide, its crystal 
structure may be either one of the anatase-type, the ru- 
tile-type, or a mixture of the anatase-type and the rutile- 

20 type. 

[0087] The electron transport layer 4 having titanium 
dioxide with anatase-type crystal structure has an ad- 
vantage that it can transport electrons with higher effi- 
ciency. 

25 [0088] When mixing the rutile-type titanium dioxide 
and the anatse-type titanium dioxide, their mixing ratio 
is not particularly limited, but it is preferable that it is 
about 95:5 to 5:95 in weight, and more preferably about 
80:20 to 20:80. 

30 [0089] The electron transport layer 4 has a number of 
holes (pores) 41. As shown in Fig. 3 which illustrates 
schematically the state of incidence of light on the elec- 
tron transport layer 4, light passed through the barrier 
layer 8 (an arrow in Fig. 3) penetrates to the interior of 

35 the electron transport layer 4, and passes through the 
electron transport layer 4 or is reflected (irregularly, dif- 
fused or the like) within the holes 41 . In this case, light 
makes contact with the dye layer D, and it can generate 
electrons and holes in the dye layer D with a high fre- 

40 quency. 

[0090] The porosity of the electron transport layer 4 is 
not limited particularly, but it is preferable that it is about 
5 to 90%, more preferably about 15 to 50%, and even 
more preferably about 20 to 40%. 

45 [0091] By setting the porosity of the electron transport 
layer 4 in such a range, it is possible to sufficiently en- 
large the surface area of the electron transport layer 4. 
Accordingly, as will be described later, the formation ar- 
ea of the dye layer D formed along the outer face of the 

50 electron transport layer 4 and the inner face of the holes 
41 can also be enlarged sufficiently. Because of this, the 
dye layer D can generate sufficient quantity of electrons. 
Moreover, the dye layer D can transport these electrons 
to the electron transport layer 4 with high efficiency. As 

55 a result, the solar cell 1 A can further enhance the power 
generation efficiency (photoelectric conversion efficien- 
cy). 

[0092] The electron transport layer 4 may have a rel- 
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atively large thickness, but it is preferable that it has a 
film-like shape. With this choice, it will be advantageous 
in thinning (miniaturization) and reduction in the manu- 
facturing cost of the solar cell 1 A. 
[0093] In this case : the average thickness of the elec- 
tron transport layer 4 is not limited particularly, but it is 
preferable that it is about 0.1 to 300u,m, and more pref- 
erably about 1 to 25u,m. 

[0094] The electron transport layer 4 is formed so as 
to make contact with the dye layer D. For this purpose, 
the dye layer D is formed so that a dye is adsorbed or 
bonded (covalently bonded, coordination bonded or the 
like) to the electron transport layer 4. 
[0095] The dye layer D is a light- receiving layer that 
generates the pairs of electron and hole by receiving 
light, and as shown in Fig. 4, it is formed along the outer 
face of the electron transport layer 4 and the inner face 
of the holes 41 . In this way, electrons generated in the 
dye layer D can be transported to the electron transport 
layer 4 with high efficiency. 

[0096] The dye constituting the dye layer D is not par- 
ticularly limited, but pigments, dyes or the like can be 
mentioned, and these may be used independently or in 
combination. Of these, from the viewpoint of small sec- 
ular change and degradation, it is preferable to use pig- 
ments as the dye. On the other hand, from the view point 
of excellence in adsorption to (bonding with) the electron 
transport layer 4, it is preferable to use dyes as the color- 
ing matter. 

[0097] Further, the pigment to be used is not particu- 
larly limited to a specific one, and various pigments such 
as organic pigments and inorganic pigments can be 
used. Examples of the organic pigment include phthalo- 
cyanine pigments such as phthalocyanine green, 
phthalocyanine blue and the like; azo pigments such as 
arylide yellow, diarylide yellow, disazo condensation yel- 
low, benzimidazolone yellow, dinitroaniline orange, ben- 
zimidazolone orange, toluidine red, permanent carmine, 
permanent red, naphthol red, disazo condensation red, 
benzimidazolone carmine, benzimidazolone brown and 
the like; anthraquinone pigments such as anthrapyrimi- 
dine yellow, anthraquinonyl red and the like; azomethine 
type pigments such as, azomethine yellow (copper) and 
the like; quinophthalone pigments such as quinoph- 
thalone yellow and the like; isoindoline pigments such 
as isoindoline yellow and the like; nitroso pigments such 
as dioxine yellow (nickel) and the like; perinone pig- 
ments such as perinone orange and the like; quinacri- 
done pigments such as quinacridone magenta, 
quinacridone maroon, quinacridone scarlet, quinacri- 
done red and the like; perylene pigments such as peryl- 
ene red, perylene maroon, and the like; pyrropyrrolpig- 
ments such as diketo pyrropyrrol red and the like; and 
dioxazine pigments such as dioxazine violet and the 
like. Example of the inorganic pigment include carbon 
pigments such as carbon black, lamp black, furnace 
black, ivory black, graphite, f ullerene, and the like; chro- 
mate pigments such as chrome yellow, molybdate or- 



ange, and the like; sulfide pigments such as cadmium 
yellow, cadmium lithopone yellow, cadmium orange, 
cadmium lithopone orange, vermilion, cadmium red, 
cadmium lithopone red, and the like; oxide pigments 
5 such as ochre, titanium yellow, titanium-barium-nickel 
yellow, red iron oxide, red lead, umber, brown iron oxide, 
zinc iron chromite brown spinel, chromium oxide, cobalt 
green, cobalt chromite green spinel, cobalt titanate 
green spinel, cobalt blue, cerulean blue, cobalt-almi- 

10 num-chromium blue, black iron oxide, manganese fer- 
rite black, cobalt ferrite black, copper chromite black spi- 
nel, copper chromite manganese black, and the like; hy- 
droxide pigments such as viridian green and the like; 
ferrocyanide pigments such as Prussian blue and the 

is like; silicate pigments such as ultramarine blue and the 
like; phosphate pigments such as cobalt violet and min- 
eral violet; and other pigments (such as cadmium 
sulfide, cadmium selenide). In this case, one kind of 
these pigments or a mixture of two or more kinds of 

20 these pigments may be employed. 

[0098] Furthermore, the dye is also not particularly 
limited to a specific one. Examples of the dye include 
metal complex dye such as RuL 2 (SCN) 2 , RuL 2 CI 2 , RuL 2 
(CN) 2 , Rutenium535-bisTBA (manufactured and sold by 

25 Solaronics, Inc.), and [RuL 2 (NCS) 2 ] 2 H 2 0, rutenium tris 
(bipyridyl), and the like; cyan dye; xanthene dye; azo 
dye; hibiscus color; black berry color; raspberry color; 
pomegranate juice color; andchlorophyll. In this case, 
one kind of these dyes or a mixture of two or more kinds 

30 of these dyes may be employed. Note that, "L" in the 
chemical formula described above indicates 2 ! 2'-bipyri- 
dine or the derivatives thereof. 

[0099] On the top face of the electron transport layer 
4 formed with the dye layer D, a layer-like hole transport 

35 layer 5 is provided. In other words, the hole transport 
layer 5 is provided facing the first electrode 3 via the 
electron transport layer 4 formed with the dye layer D. 
The hole transport layer 5 has a function of capturing 
and transporting the holes generated in the dye layer D. 

^0 That is, the hole transport layer 5 has a function of trans- 
porting the holes to the external circuit 100 via the sec- 
ond electrode 6 or the hole transport layer 5 itself acting 
as an electrode. 

[0100] The average thickness of the hole transport 
^5 layer 5 is not particularly limited, but it is preferable that 
it is about 1 to 500u.m, more preferably about 10 to 
300u.m, and even more preferably about 10 to 30}am. 
[0101] The constituent material of the hole transport 
layer 5 is not particularly limited, and various kinds of 
so material can be used. Examples of such a material in- 
clude materials having ion conductive property; various 
kinds of p-type semiconductor materials such as triphe- 
nyldiamines (monomers, polymers and the like), poly- 
anilines, polypyrroles, polylhiophenes, phthalocyanine 
55 compounds (e.g. copper phthalocyanine) and there de- 
rivatives; and metals such as aluminum, nickel, cobalt, 
platinum, silver, gold, copper, molybdenum, titanium 
and tantalum, or alloys containing any one or more of 
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these metals. [~uriher s one kind or a combination of two 
or more kinds of these materials may be used. Among 
these materials, the materials having ion conductive 
property are particularly preferred as the constituent 
material for the hole transport layer 5. In other words ; It 
is preferable that the hole transport layer 5 is mainly 
composed of a material having ion conductive property. 
With this choice, the hole transport layer 5 can transport 
the holes generated in the dye layer D with high efficien- 
cy. 

[0102] As for the materials having ion conductive 
property, no particular limitations exist, but metal halides 
such as Cul and Agl, and metal bromifde such as AgBr, 
and metal thiocyanides such as CuSCN, for example, 
may be mentioned. In this case, one kind or a combina- 
tion of two or more kinds of these materials may be used. 
Among these materials, one kind or a combination of 
two or more kinds of metal iodides such as Cul and Agl 
are particularly preferred for the materials having ion 
conductive property. These metal iodides are particular- 
ly excellent in ion conductive property. Therefore, the 
use of a metal iodide can enhance the photoelectric con- 
version efficiency (energy conversion efficiency) of the 
solar cell 1 A. 

[0103] The hole transport layer 5 is formed such that 
it enters the holes 41 of the electron transport layer 4 
which is formed with the dye layer D. Since the contact 
area of the dye layer D and the hole transport layer 5 
can be increased in this way, the holes generated in the 
dye layer D can be transported into the hole transport 
layer 5 with higher efficiency. As a result, the solar cell 
1 A can further enhance the power generation efficiency. 
[0104] The layer-form second electrode 6 is provided 
on the top face of the hole transport layer 5. The average 
thickness of the second electrode 6 is appropriately set 
depending upon its material, use or the like, and is not 
limited particularly. 

[0105] The constituent material of the second elec- 
trode 6 is not particularly limited, but metals such as alu- 
minum, nickel, cobalt, platinum, silver, gold, copper, mo- 
lybdenum, titanium and tantalum, or alloys including any 
one or more of these metals, or various kinds of carbon 
materials such as graphite may be mentioned. In this 
case, one kind or a combination of two or more of these 
metals may be used. 

[0106] In this connection, it is to be noted that the sec- 
ond electrode 6 may be omitted depending upon the re- 
quirement. 

[01 07] When light is incident on the solar cell 1 A hav- 
ing such the structure described above, electrons are 
excited to generate pairs of an electron (e-) and a hole 
(h+) mainly in the dye layer D as shown in Fig. 5. Of 
these, the electrons move to the electron transport layer 
4 and the holes move to the hole transport layer 5, re- 
spectively. With this result, a potential difference (phot- 
pvoltaic force) is generated across the first electrode 3 
and the second electrode 6, and a current (photoexcited 
current) flows in the external circuit 1 00. 



[0108] The values of the vacuum energy shown in Fig. 
5 show an example of the case where the electron trans- 
port layer 4 and the barrier layer 8 are formed of titanium 
dioxide, and the hole transport layer 5 is formed of Cul. 

5 [0109] This situation can be represented by an equiv- 
alent circuit shown in Fig. 6, in which a current circulation 
circuit having a diode 200 is formed. 
[0110] Although a pair of electron and hole is gener- 
ated simultaneously in the dye layer D as a result of il- 

10 lumination with light (light reception), in the following de- 
scription an expression "an electron is generated" will 
be used for explaining this situation for the purpose of 
convenience. 

[0111] Now, the feature of the present invention re- 
is sides in the provision of a short-circuit (or leak) prevent- 
ing means that prevents or suppresses short-circuit be- 
tween the first electrode 3 and the hole transport layer 5. 
[0112] In the following, the short-circuit preventing 
means will be described in detail. 
20 [0113] In the present embodiment, a film-like barrier 
layer 8 is provided between the first electrode 3 and the 
electron transport layer 4 as the short-circuit preventing 
means. The barrier layer 8 is formed so as to have a 
porosity smaller than that of the electron transport layer 
25 4. 

[0114] In manufacturing the solar cell 1 A, the material 
for the hole transport layer is coated by a coating meth- 
od, for example, on the top face of the electron transport 
layer 4 which is formed with dye layer D, as will be de- 

30 scribed later. 

[0115] In this case, in a solar cell which is not provided 
with the barrier layer 8, there is a case that the material 
for the hole transport layer penetrates into the holes 41 
of the electron transport layer 4 with formed dye layer D 

35 and may reach the first electrode 3 if the porosity of the 
electron transport layer 4 is made large. In other words, 
in a solar cell that is not provided with the barrier layer 
8, there may occur a short-circuiting by electrical contact 
between the electrode 3 and the hole transport layer 5. 

40 Therefore, a solar cell that is not provided with the bar- 
rier layer 8 has a larger leakage current, thus leasing to 
the case that the power generation efficiency, namely, 
photoelectric conversion efficiency will be reduced. 
[0116] In contrast, in the solar cell 1A of this embod- 

45 iment provided with the barrier layer 8, it is possible to 
prevent disadvantages as described in the above, so 
that the reduction in the power generation efficiency can 
be satisfactorily prevented or suppressed. 
[0117] When the porosity of the barrier layer 8 is 

50 called A[%]and the porosity of the electron transport lay- 
er 4 is called B[%], it is preferable that the ratio B/A is 
larger than about 1.1, more preferably larger than about 
5, and even more preferably larger than about 10. By 
such a choice, the barrier layer 8 and the electron trans- 

55 port layer 4 can exhibit their respective functions more 
satisfactorily. 

[01 1 8] Specifically, it is preferable that the porosity of 
the barrier layer 8 is somewhat smaller than 20%, more 
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preferably somewhat smaller than 5%, and even more 
preferably somewhat smaller than 2%. In other words, 
it is preferable that the barrier layer 8 is formed into a 
dense layer. By so choosing, the effect in the above can 
further be enhanced. 

[01 1 9] Moreover, the ratio of the thickness of the bar- 
rier layer 8 and the electron transport layer 4 is not lim- 
ited particularly, but it is preferable that it is about 1 :99* 
to 60:40, and more preferably 10:90 to 40:60. In other 
words, it is preferable that the ratio of the thickness of 
the barrier layer 8 with respect to the total thickness of 
the barrier layer 8 and the electron transport layer 4 is 
about 1 to 60%, and more preferably about 10 to 40%. 
With this choice, the barrier layer 8 can more surely pre- 
vent or suppress the short-circuiting due to contact or 
the like between the electrode 3 and the hole transport 
layer 5. Moreover, such a barrier layer 8 can favorably 
prevent reduction in the reaching rate of light to the dye 
layer D. 

[0120] More specifically, it is preferable that the aver- 
age thickness (film thickness) of the barrier layer 8 is 
about 0.01 to 10uxn, more preferably about 0.1 to 5u.m, 
and even more preferably about 0.5 to 2u.m. With this 
choice, it is possible to furthermore enhance the effect 
described in the above. 

[0121] The constituent material of the barrier layer 8 
is not limited particularly, but in addition to titanium oxide 
which is the principal material for the electron transport 
layer 4, various kinds of metallic oxide, such as SrTi0 3 , 
ZnO, Si0 2> Al 2 0 3 and Sn0 2> and various kinds of me- 
tallic compounds such as CdS, CdSe, TiC 3 Si 3 N 4 , SiC, 
B 4 N and BN, for example, may be used. In this case, 
one kind or a combination of two or more kinds of these 
materials may be used. Among these materials, a ma- 
terial having electrical conductivity equivalent to that of 
the electron transport layer 4 is particularly preferred for 
the constituent material for the barrier layer 8, and a ma- 
terial having titanium oxide as its principal constituent is 
more preferred. By constituting the barrier layer 8 with 
such a material, it is possible to transmit electrons gen- 
erated in the dye layer D to the barrier layer 8 with high 
efficiency. As a result, the power generation efficiency 
of the solar cell 1 A can further be enhanced. 
[01 22] Although the resistance in the thickness direc- 
tion of the barrier layer 8 and the electron transport layer 
4 are not limited particularly, it is preferable that the re- 
sistance in the thickness direction of the barrier layer 8 
and the electron transport layer 4, that is the resistance 
in the thickness direction of a laminate of the barrier lay- 
er 8 and the electron transport layer 4 is larger than 
about 100£2/cm 2 , and more preferably larger than about 
1 kQ/cm 2 . With this choice, short-circuiting between the 
electrode 3 and the hole transport layer 5 can be pre- 
vented or suppressed more reliably. As a result, the re- 
duction in the power generation efficiency of the solar 
cell 1 A can be prevented. 

[0123] Moreover, although the boundary between the 
barrier layer 8 and the electron transport layer 4 may be 
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either unclear or clear, it is preferable that it is unclear. 
Namely, it is preferable that the barrier layer 8 and the 
electron transport layer 4 are formed integrally with be- 
ing overlapped partially. As a result, the transmission of 

5 electrons between the layers can be performed more 
reliably, that is with high efficiency. 
[0124] Furthermore, the barrier layer 8 and the elec- 
tron transport layer 4 may be formed of the identical ma- 
terial (for example, using titanium dioxide as their prin- 

10 cipal material) with only their porosities different. In other 
words, it may be given a constitution in which a part of 
the electron transport layer 4 functions as the barrier lay- 
er 8. 

[0125] In this case, the electron transport layer 4 has 
is a dense portion and a coarse portion in the thickness 
direction thereof, and the dense portion functions as the 
barrier layer 8. 

[0126] Moreover, in this case, although it is preferable 
that the dense portion is formed on the side of the elec- 

20 trode 3 of the electron transport layer 4 , it may be formed 
at an arbitrary position in the thickness direction thereof. 
[0127] Furthermore, in this case, the electron trans- 
port layer 4 may have a structure in which the coarse 
portion is surrounded by the dense portions or vice ver- 

25 sa. 

[0128] In such a solar cell 1A, when the photoelectric 
conversion efficiency for the angle of incidence of light 
on the dye layer D (the electron transport layer 4 formed 
with the dye layer D) of 90 and 52 are designated by R 90 

30 and R 52 , respectively it is preferable that the ratio R 52 / 
R 90 is larger than about 0.8, and more preferably larger 
than about 0.85. The case that such a condition is sat- 
isfied means that the electron transport layer 4 formed 
with the dye layer D has a low directivity for light, that 

35 is, it is isotropic to light. Accordingly, such a solar cell 
1 A can generate power more efficiently over almost en- 
tire range of shining period of the sun. 
[0129] Moreover, in the solar cell 1A : when the first 
electrode 3 and the second electrode 6 are applied with 

*o a positive and a negative voltage, respectively, with their 
difference being 0.5V, it is preferable that the solar cell 
1 A has a property that its resistance is larger than about 
1000/cm 2 , and more preferably larger than about 1kO/ 
cm 2 . That fact that it has such a property means that 

4 5 short-circuiting due to electrical contact or the like be- 
tween the electrode 3 and the hole transport layer 5 is 
properly prevented or suppressed in the solar cell 1 A. 
Accordingly, such a solar cell 1A can further enhance 
the power generation efficiency. 

50 [0130] Such a solar cell 1A can be manufactured in 
the following manner. First, a substrate 2 made of soda 
glass or the like is prepared. For the substrate 2, a glass 
board with uniform thickness and no warp is used pref- 
erentially. 

55 [0131] <1> First, the first electrode 3 is formed on the 
top face of the substrate 2. In this case, the first elec- 
trode 3 can be formed by employing, for example, evap- 
oration method, sputtering method, printing method or 
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the iike ihai uses the maieriai for the eiectrocie 3 such 
as FTO. 

[0132] <2> Next, the barrier layer 8 is formed on the 
top face of the first electrode 3. The barrier layer 8 can 
be formed, for example, by the sol-gel method, evapo- 
ration (vacuum evaporation) method, sputtering method 
such as high frequency sputtering method or DC sput- 
tering method, spray thermal decomposition method, jet 
molding (plasma spraying) method, CVD method or the 
like. Among these methods, it is preferable to form the 
barrier layer 8 by the sol-gel method. 
[0133] The operation of the sol-gel method is ex- 
tremely simple, and it may be used in combination with 
various kinds of coating method such as dipping, drip- 
ping, doctor blading, spin-coating, brushing, spraying, 
and roll coating. With this choice, it is possible to form 
a film-like (thick or thin film) barrier layer 8 properly with- 
out involving a large scale apparatus. 
[0134] Moreover, when the coating method is used, it 
is possible to easily form a barrier layer 8 of a desired 
shape by performing masking using a mask or the like. 
[0135] Examples of the sol-gel method include a 
method which prevents or does not permit the occur- 
rence of reactions such as hydrolysis and condensation- 
polymerization in an organic or inorganic titanium com- 
pounds as will be described later, and a method which 
permits the occurrence of these reactions. In the follow- 
ing, the former type will be referred to as metal organic 
deposition method or metal organic decomposition 
method (MOD) method. Among these methods, the 
MOD method is particularly preferred for the sol-gel 
method. 

[0136] According to the MOD method, the stability of 
the organic or inorganic titanium compounds in the bar- 
rier layer 8 can be secured. Moreover, according to the 
MOD method, it is possible to make the barrier layer 8 
dense more easily and reliably, that is, to regulate the 
porosity within the prescribed range more easily with 
high reproducibility. 

[0137] When forming such a dense Ti0 2 barrier layer 
8 of this embodiment by using an organic titanium com- 
pound, in particular using a chemically extremely unsta- 
ble (decomposable) titanium alkoxide (metal alkoxide) 
such as titanium tetraisopropoxide (TPT), titanium te- 
tramethoxide, titanium tetraethoxide or titanium tetrabu- 
toxide, the MOD method is optimally suited. 
[0138] In the following, the formation method of the 
barrier layer 8 by the MOD method will be described. 

Preparation of the Barrier Layer Material> 

[0139] When, for example, using one kind or a com- 
bination of two or more kinds of organic titanium com- 
pounds of titanium alkoxides (metal aloxides) such as 
titanium tetraisopropoxide (TPT), titanium tetramethox- 
ide, titanium tetraethoxide and titanium tetra butoxide, 
the organic titanium compound is first dissolved in an 
organic solvent such as ethanol anhydride, 2-butanol, 
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2-propanoi, 2-n-butoxyethanoi oi a mixed solvent of 
these to obtain a solution. 

[0140] In this way ; the viscosity of the obtained mate- 
rial for the barrier layer is regulated by adjusting the con- 

5 centration of the organic titanium compound in the so- 
lution which is set, for example, at about 0.1 to 10mol/ 
L. The viscosity of the barrier layer material is appropri- 
ately determined depending upon the kind of the coating 
method or the like. In this case, the viscosity is not lim- 

10 ited to a specific value, but when the spin coating is 
adopted as the method of coating,. it is preferable that 
the viscosity of the barrier layer material is set at a rel- 
atively high level of about 0.5 to 20cP (at normal tem- 
perature). When the spray coating is adopted as the 

15 method of coating, it is preferable that the viscosity is 
set at a relatively low level of about 0. 1 to 2cP (at normal 
temperature). 

[0141] Then, an additive that has a function for stabi- 
lizing the titanium alkoxide (metal alkoxide) such as ti- 

20 tanium tetrachloride, acetic acid, acetylacetone, trieth- 
anotamine and diethanolamine is added to the solution. 
[0142] By adding such an additive, the additive is re- 
placed with the alkoxide (alkoxyl group) that is coordi- 
nated with the titanium atoms in the titanium alkoxide, 

25 so that it is coordinated with the titanium atoms. This 
suppresses hydrolysis of the titanium alkoxide to stabi- 
lize it. Namely, these additives function as a hydrolysis 
suppressing agent that suppresses hydrolysis of the ti- 
tanium alkoxide. Although the compounding ratio of the 

30 additive and the titanium alkoxide is not limited particu- 
larly, it is preferable that it is about 1:2 to 8:1 in molar 
ratio. 

[0143] Specifically, when diethanolamine is made to 
be coordinated with the titanium alkoxide, it replaces the 

35 alkoxyl group in the titanium alkoxide, and two mole- 
cules of diethanolamin are coordinated with a titanium 
atom. This compound replaced by diethanolamine is 
more stable in generating titanium dioxide than the tita- 
nium alkoxide. Other combinations are also acceptable. 

40 [0144] In this way, a sol solution for forming the barrier 
layer which is the barrier layer material, namely, the sol 
solution for MOD is obtained. 

[0145] When an inorganic titanium compound such as 
titanium tetrachloride (TTC) is used, it is dissolved in an 

^5 organic solvent such as ethanol anhydride, 2-butanol, 
2-propanol or 2-n-butoxyethanol, or a mixed solvent of 
these, to obtain a solution. In this manner, an organic 
solvent is coordinated with titanium atoms of the inor- 
ganic titanium compound, and forms a stable compound 

50 without addition of any additive. 

[0146] Moreover, when an organic titanium com- 
pound such as titanium oxyacetonate (TOA) is used, a 
stable barrier layer material can be obtained by mere 
dissolving of the organic titanium compound in an or- 

55 ganic solvent because the organic titanium conpound is 
stable on its own. 

[0147] In this invention, when the barrier layer 8 is 
formed by the MOD method, it is most preferable to use 
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a solution, among the three solutions described in the 
above, prepared by the following method. Namely, it is 
best suited to use a solution prepared by a method in 
which an organic titanium compound such as titanium 
alkoxide represented by titanium tetraisopropoxide 
(TPT), titanium tetramethoxide, titanium tetraethoxide 
or titanium tetrabutoxide, or a solution containing such 
compound is dissolved or diluted by a solvent above, 
and to add an additive to the solution obtained in this 
way such as titanium tetrachloride, acetic acid, acety- 
lacetone, triethanolamine or diethanolamine. According 
to this method, it is possible to obtain a compound that 
can stably generate titanium dioxide by causing the ad- 
ditive to be coordinated with the titanium atoms of the 
titanium alkoxide. 

[0148] In this way, the chemically unstable titanium 
alkoxide can be turned into a chemically stable com- 
pound. Such a compound is extremely useful in forming 
the barrier layer 8 of this embodiment, namely, a dense 
barrier layer 8 having titanium dioxide as the principal 
material. 

<Formation of the Barrier Layer 8> 

[0149] On the top face of the first electrode 3, the bar- 
rier layer material is formed in film-form by a coating 
method such as spin-coating. In employing the spin- 
coating method, it is preferable to set the number of rev- 
olutions at about 500 to 4000rpm. 
[01 50] Next, such a coating film is subjected to a heat 
treatment to remove the organic solvent by evaporation. 
It is preferable that the conditions of the heat treatment 
are at a temperature of about 50 to 250°C for about 1 
to 60min, and more preferably at about 1 00 to 200°C for 
about 5 to 30min. 

[0151] Such a heat treatment can be done in the air 
or in nitrogen gas, or may be done in a nonoxidizing at- 
mosphere of various kinds of inert gas, vacuum, or a 
reduced pressure of about 10' 1 to 10" 6 Torr. 
[01 52] The coating of the barrier layer material to the 
top face of the first electrode 3 may be done while heat- 
ing the electrode3. 

[0153] Furthermore, the coating film is subjected to a 
heat treatment at a temperature higher than that of the 
heat treatment in the above to remove the organic com- 
ponents left in the coating film. At this time, titanium di- 
oxide is sintered to form a barrier layer 8 composed of 
titanium dioxide of amorphous or anatase-type crystal 
structure. The conditions of the heat treatment are pref- 
erably at about a temperature of 300 to 700°C for about 
1 to 70min, and more preferable at about 400 to 550°C 
and for 5 to 45min. 

[0154] The atmosphere of this heat treatment may be 
made the same as that of the heat treatment in the 
above. 

[0155] Operations as described in the above are re- 
peated preferably for about 1 to 20 times, and more pref- 
erably for about 1 to 10 times, to form a barrier layer 8 



of average thickness as described in the above. 
[0156] In this case, it is preferable that the thickness 
of the coating film obtainable in one time of operation is 
smaller than about 1 0Onm, and more preferably smaller 

5 than about 50nm. By forming a barrier layer 8 by lami- 
nating such thin films, it is possible to obtain a barrier 
layer 8 with better uniformity and higher density. Inci- 
dentally, regulation of the film thickness obtainable in 
one time of operation can be achieved easily by adjust- 

10 jng the viscosity of the barrier layer material. 

[0157] Prior to the formation of the barrier layer 8, or- 
ganic substances attached to the top face of the first 
electrode 3 may be removed by an 0 2 plasma treat- 
ment, EB treatment, or cleaning with an organic solvent 

'5 such as ethanol or acetone. In this case, the top face of 
the first electrode 3 is masked by a mask layer, exclud- 
ing the region for the formation of the barrier layer 8. 
The mask layer may be removed after formation of the 
barrier layer 8 or removed after completion of the solar 
20 cell 1A. 

[0158] <3> Next, the electron transport layer 4 is 
formed on the top face of the barrier layer 8. 
[0159] The electron transport layer 4 may be formed 
using, for example, the sol-gel method, evaporation 
25 method or sputtering method. Among these methods, 
the sol-gel method is particularly preferable for the elec- 
tron transport layer 4. 

[0160] The sol-gel method has an extremely simple 
operation, and may be used in combination with various 

30 kinds of coating method such as dipping, dripping, doc- 
tor blading, spin coating, brushing, spray coating and 
roll coating. In this way, the electron transport layer 4 
can be formed satisfactorily in film-form (thick or thin 
film) without requiring a large scale apparatus. 

35 [0161 ] Moreover, according to the coating method, an 
electron transport layer 4 with a desired pattern can be 
obtained easily by carrying out masking using a mask 
or the like. 

[0162] For the formation of the electron transport layer 
40 4, it is preferable to use a sol liquid containing powder 
of the electron transport layer material. With this ar- 
rangement, the electron transport layer 4 can be made 
porous easily and surely. 

[0163] Although the average particle diameter of the 
^5 powder of the electron transport layer material is not lim- 
ited particularly, it is preferable that it is about 1nm to 1 
m, and more preferably 5 to 50nm. By setting the aver- 
age particle diameter of the powder of the electron trans- 
port layer material in the above range, it is possible to 
50 improve the uniformity of the powder of the electron 
transport layer material in the sol liquid. Moreover, by 
reducing the average particle diameter of the electron 
transport layer material, it is possible to increase the sur- 
face area (specific surface area) of the obtained electron 
55 transport layer 4. With this arrangement, the formation 
region of the dye layer D can be enlarged, which can 
contribute to the enhancement of the power generation 
efficiency of the solar cell 1 A. 
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[0164] io the following an example of ihe formaiion 
method of the electron transport layer 4 will be de- 
scribed. 

Preparation of Titanium Oxide Powder (Powder of the 
Electron Transfer Layer Material)> 

[01 65] <3-A0> Powder of the rutile-type titanium diox- 
ide and powder of the anatase-type titanium dioxide (in- 
cluding the cases of using exclusively the rutile-type or 
the anatase-type) are combined and mixed in advance 
at a prescribed combining ratio. 

[0166] In this case, the average particle diameters of 
the rutile-type and the anastase-type titanium dioxide 
powders may be different or equal, but it is preferable 
that they are different. 

[0167] The average particle diameter of the titanium 
dioxide as a whole is in the range stated in the above. 

Preparation of Sol Liquid (Electron Transport Layer 
Material)> 

[01 68] <3-A1 > First, one kind or a combination of two 
or more kinds of organic titanium compounds such as 
titanium alkoxides (e.g. titanium tetraisopropoxide 
(TPT), titanium tetramethoxide, titanium tetraethoxide, 
and titanium tetrabutoxide), and titanium oxyacetyl ac- 
etonate(TOA), or an inorganic titanium compound such 
as titanium tetrachloride (TTC) are dissolved in an or- 
ganic solvent such as ethanol abhydride : 2-butanol, 2 - 
propano! or 2-n-butoxyethanol or a mixed solvent of 
these, to obtain a solution. 

[0169] In this case, the concentration of the organic 
titanium compounds or the inorganic titanium com- 
pounds in the solution is not particularly limited, but it is 
preferable that it is about 0.1 to 3mol/L. 
[01 70] Next, various kinds of additive are added to the 
solution as needed. When a titanium alkoxide, for ex- 
ample, is used as the organic titanium compound, an 
additive such as acetic acid, acetylacetone or nitric acid 
is added because the titanium alkoxide is chemically un- 
stable. By so doing, it is possible to make the alkoxide 
chemically stable. In this case, the combining ratio of 
the additive and the titanium alkoxide is not limited par- 
ticularly, but it is preferable that it is about 1:2 to 8:1 in 
molar ratio. 

[0171] <3-A2> Next, water such as distilled water, ul- 
tra-pure water, ion-exchanged water or RO water is add- 
ed to the solution. The combining ratio of the water and 
the organic or inorganic titanium compound is prefera- 
ble to be about 1 :4 to 4:1 in molar ratio. 
[0172] <3-A3> Then, the titanium oxide powder pre- 
pared in the process <3-A0> is mixed with the solution 
in the above to obtain a suspended (dispersed) liquid. 
[0173] <3-A4> Further, the suspension is diluted with 
an organic solvent or a mixed solvent in the above to 
prepare a sol liquid. The dilution factor is preferable to 
be about 1 .2 to 3.5, for example. 
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[01 74] Although the content of the titanium oxide pow- 
der (powder of the electron transport layer material) in 
the sol liquid is not limited particularly, but it is preferable 
that it is about 0.1 to 10wr%, and more preferably 0.5 to 
5 5wt%. This makes it possible to satisfactorily set the po- 
rosity of the electron transport layer 4 within the range 
stated above. 

<Formation of the Electron Transfer Layer (Titanium 
10 Oxide Layer) 4> 

[0175] <3-A5> The sol liquid is coated on the top face 
of the barrier layer 8 by a coating method (e.g. dripping 
or the like), preferably while heating the layer 8, to obtain 
15 a film-like body (coating film). The heating temperature 
is not limited particularly, but it is preferable that it is 
about 80 to 180°C, and more preferably about 100 to 
160°C. 

[0176] The operation in the above is repeated prefer- 
ably for about 1 to 10 times, and more preferably for 
about 5 to 7 times to form the electron transport layer 4 
with the average thickness described above. 
[0177] Then, the electron transport layer 4 may be 
subjected to a heat treatment such as sintering as need- 
ed. The conditions of the heat treatment are : for exam- 
ple, at a temperature of about 250 to 500°C and for 
about 0.5 to 3 hours. 

[01 78] <3-A6> The electron transport layer 4 obtained 
in the previous process <3-A5> may be subjected to 
post-treatments as needed. 

[0179] As the post-treatments, mechanical process- 
ing such as grinding and polishing and other treatment 
such as cleaning and chemical treatment may be men- 
tioned. 

[0180] Moreover, the electron transport layer 4 may 
be formed, for example, in the following manner. Here- 
inbelow, a description will be made with regard to the 
post-treatment. In this connection, it should be noted 
that the following description is focused to the differenc- 
es from the above formation method, and similar mat- 
ters are omitted. 

Preparation of Titanium Oxide Powder (Powder of 
Electron Transfer Layer Material)> 

[0181] <3-B0> A process similar to the above process 
<3-A0> is performed. 

Preparation of Coating Liquid (Electron Transfer Layer 
Material)> 

[0182] <3-B1> First, an appropriate amount of titani- 
um oxide powder prepared in the above process is sus- 
pended in water. Examples of the water for this purpose 
include distilled water, ultra-pure water, ion-exchanged 
water or RO water. 

[0183] <3-B2> Next, a stabilizer such as nitric acid is 
added to the suspension, and the mixture is thoroughly 
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kneaded in a mortar made of agate or alumina. 
[0184] <3-B3> Then, water in the above is added to 
the above suspension and kneaded further. In this case, 
the combining ratio of the stabilizer and water is prefer- 
ably about 1 0:90 to 40 :60 in volume ratio, and more pref- 
erably about 1 5:85 to 30:70, and the viscosity of the sus- 
pension is made about 0.2 to 30cP (at normal temper- 
ature). 

[01 85] <3-B4> After that, a surfactant is added to the 
suspension so as to obtain a final concentration of about 
0.01 to 5wt%, and the suspension is kneaded. In this 
way, a coating liquid (electron transfer layer material) is 
prepared. 

[01 86] Although the surfactant may be any type of cat- 
ionic, anionic, amphoteric or nonionic, it is preferable to 
use a nonionic one. 

[0187] Moreover, as the stabilizer, a surface modify- 
ing reagent of titanium oxide such as acetic acid or 
acetylacetone may be used in place of nitric acid. 
[0188] Moreover, various kinds of additive such as a 
binder like a polyethylene glycol, a plasticizer and an 
antioxidant may be added as necessary to the coating 
liquid (electron transfer layer material) 

<Formation of Electron Transport Layer (Titanium Oxide 
Layer) 4> 

[01 89] <3-B5> The coating liquid is coated on the top 
face of the first electrode 3 by a coating method such as 
dipping and dried to form a film-like body (coating film). 
The operation of coating and drying may be repeated 
for plural times to obtain a laminate. In this way, the elec- 
tron transport layer 4 is obtained. 
[0190] Next, the electron transport layer 4 may be 
subjected to a heat treatment such as sintering depend- 
ing upon the need. The conditions of the heat treatment 
is set, for example, at a temperature of about 250 to 
500°C and for a duration of about 0.5 to 3 hours. As a 
result, the particles of the powder of titanium oxide which 
have so far been merely in mutual contact start to diffuse 
in their contact sites, and the particles of the powder of 
titanium oxide begin to be immobilized (fixed). In this 
state, the electron transport layer is converted to a po- 
rous layer. 

[0191] <3-B6> A process similar to the above process 
<3-A6> is carried out. 

[0192] By going through the above processes, the 
electron transport layer 4 is obtained. 
[0193] <4> Then, the electron transport layer 4 and 
the liquid containing a dye as described above are 
brought into contact by, for example, dipping orcoating. 
By so doing, the dye layer D is formed by allowing the 
dye to be adsorbed or bonded to the outer faces of the 
electron transport layer 4 and on the inner surface of the 
holes 41 . As for the liquid containing the dye, a solution 
in which the dye is dissolved or a suspension suspend- 
ing the dye can be mentioned. 

[01 94] Specifically, by dipping the laminate of the sub- 



strate 2, the first electrode 3, the barrier layer 8 and the 
electron transport layer 4 into the liquid containing the 
dye, it is possible to easily form the dye layer D on the 
outer faces and on the inner surface of the holes 41 . 
5 [0195] Although the solvent (liquid) for dissolving or 
suspending (dispersing) the dye is not particularly limit- 
ed, various kinds of water, methanol, ethanol, isopropyl 
alcohol, acetonitrile, ethyl acetate, ether methylene 
chloride, NMP (N-methyl-2-pyrrolidone) or the like may 
*0 be mentioned, and one kind or a combination of two or 
more kinds of these may be used. 
[0196] After this, the laminate is taken out of the so- 
lution or the suspension, and the solvent is removed by 
natural drying or a method of blowing a gas such as air 
'5 or nitrogen gas at the laminate or the like. 

[0197] Besides, the laminate may be dried in a clean 
oven or the like at a temperature of about 60 to 100°C 
for about 0.5 to 2 hours as needed. With this process, it 
is possible to let the dye adsorbed or bonded to the elec- 
20 tron transport layer 4 more firmly. 

[0198] <5> Next, the hole transport layer 5 is formed 
on the top face of the dye layer D (the electron transport 
layer 4 formed with the dye layer D). 
[0199] It is preferable that the hole transport layer 5 
25 is formed by coating a hole transport layer material 
(electrode material) containing a substance having ion 
conductive property such as Cul on the top face of the 
electron transport layer 4 formed with the dye layer D 
by a coating method such as dipping, dripping, doctor 
30 blading : spin coating, brushing, spraying or roll coating. 
[0200] Using such a coating method, it is possible to 
form the hole transport layer 5 so as to infiltrate more 
surely into the holes 41 of the electron transport layer 4 
formed with the dye layer D. 
35 [0201] Moreover, after the formation of the coating 
film, the coating film may be subjected to a heat treat- 
ment. However, the coating of the hole transport layer 
material to the top face of the electron transport layer 4 
formed with the dye layer D is preferable to be carried 
4£? out while heating the dye layer D (the electron transport 
layer formed with the dye layer D). This arrangement is 
advantageous for forming the hole transport layer 5 
more quickly, that is, for shortening the manufacturing 
time of the solar cell 1 A. 
45 [0202] In this case, it is preferred that the temperature 
of the heating is set to be about 50 to 1 50°C. When sub- 
jecting the sample to a heat treatment after formation of 
the coating film, drying of the coating film may be given 
before the heat treatment. 
50 [0203] The above operation may be repeated for two 
or more times. 

[0204] Specifically, the laminate of the substrate 2, the 
first electrode 3, the barrier layer 8 and the electron 
transport layer 4 formed with the dye layer D is placed 
55 on a hot plate heated to about 80°C. In this state, the 
hole transport layer material is dripped onto the top face 
of the electron transport layer 4 formed with the dye lay- 
er D : and then it is dried. This operation is repeated for 
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two or more times to form the hoie transport layer 5 with 
the average thickness as mentioned above. 
[0205] The solvent to be used for the hole transport 
layer material is not particularly limited, but an organic 
solvent such as acetonitrile, ethanol, methanol and iso- 5 
propyl alcohol, various kinds of water or the like may be 
used, and one kind or a combination of two or more 
kinds of these may be used. 

[0206] As the solvent for dissolving a substance hav- 
ing ion conductive property, acetonitrile can be prefera- 
bly used. Moreover, when Cul is employed as a sub- 
stance having ion conductive property (ion conductivi- 
ty), it is preferable to add cyanoethylate such as a cyano 
resin in the acetonitrile solution of Cul as a binder of Cul. 
In this case, it is preferred that the amount of the cya- 
noethylate with respect to Cul is in the range of the 
weight ratio of 5 to 0.5wt%. 

[0207] Moreover, it is preferable that the hole trans- 
port layer material contain a substance which enhances 
the transport efficiency of the holes. When such a sub- 
stance is included in the hole transport layer material, 
the carrier mobility in the hole transport layer 5 becomes 
higher due to enhancement of ion conductivity. As a re- 
sult, the electrical conductivity at the hole transport layer 
5 is enhanced. 

[0208] Such a substance for enhancing the transport 
efficiency of the holes (hole transport efficiency enhanc- 
ing substance) is not particularly limited, but a halide 
such as ammonium halide, for example, may be used, 
and the use of an ammonium halide such as tetrapropyl- 
ammonium iodide (TPAI) is especially preferable. By the 
use of tetrapropyl- ammonium iodide, the carrier mobil- 
ity of the substance having ion conductive property is 
enhanced further. With this result., the electrical conduc- 
tivity of the hole transport layer 5 is further enhanced. 
[0209] The content of the substance for enhanci ng the 
transport efficiency of the holes in the hole transport lay- 
er material is not particularly limited to a specific value, 
but it should preferably lie in the range of 1 x 1 CH to 1 
x 10' 1 wt%, and more preferably lie in the range of 1 x 
10* 4 to 1 x 10' 2 wt%. If the content is in the range men- 
tioned above, the above described effect becomes fur- 
ther conspicuous. 

[0210] Furthermore, in the case where the hole trans- 
port layer 5 is formed of a material containing the sub- 
stance having the ion conductive property as its main 
constituent, it is preferred that the hole transport layer 
material contains a crystal size coarse suppressing sub- 
stance which suppresses the increase in the crystal size 
when the substance having the ion conductive property 
crystallizes, which has the following effect. 
[0211] The crystal size coarse suppressing sub- 
stance is not particularly limited to a specific one, and it 
may Include thiocyanic acid salt (rhodanide) besides the 
cyanoethylate and the hole transport efficiency enhanc- 
ing substance mentioned above. Further, one kind or a 
combination of two or more kinds of these substances 
may be used as the crystal size coarse suppressing sub- 



stance. 

[0212] Examples of the thiocyanic acid salt include 
sodium thiocyanate (NaSCN), potassium thiocyanate 
(KSCN), copper thiocyanate (CuSCN) : ammonium thi- 
ocyanate (NH4SCN), and the like. 
[0213] When the hole transport efficiency enhancing 
substance is used as the crystal size coarse suppress- 
ing substance, the ammonium halide is particularly pref- 
erable. Among hole transport efficiency enhancing sub- 
stances, the ammonium halide has an especially excel- 
lent function that suppresses the increase in the crystal 
size of the substance having the ion conductive proper- 
ty- 

[0214] Here, if the hole transport layer material does 
not contain such a crystal size coarse suppressing sub- 
stance, its crystal size may become too large upon crys- 
tallization of the substance having the ion conductive 
property depending on the kind of the substance having 
the ion conductive property, heating temperature or the 
like, which may result in the case that the volume ex- 
pansion proceeds exceedingly. In particular, if crystalli- 
zation takes place within the holes (minute pores) of the 
barrier layer 8, cracks may develop in the barrier layer 
8, and as a result, it may lead to local short-circuiting 
due to partial contact or the like between hole transport 
layer 5 and the first electrode 3. 

[0215] Further, if the crystal size of the substance hav- 
ing the ion conductive property becomes large, there is 
a case that contact with the electron transport layer 
formed with the dye layer D becomes poor depending 
on the kind of the substance having the ion conductive 
property or the like. As a result, there is a case that the 
substance having the ion conductive property, that is the 
hole transport layer 5 is peeled off from the electron 
transport layer 4 formed with the dye layer D. 
[021 6] For these reasons, in these solar cells there is 
a case that a device performance such as photoelectric 
conversion efficiency is lowered. 

[0217] In contrast, if the hole transport layer material 
contains such a crystal size coarse suppressing sub- 
stance, the increase in the crystal size of the substance 
having the ion conductive property is suppressed and 
its crystal size remains to be relatively small. 
[0218] For example, when thiocyanic acid salt is add- 
ed into an acetonitrile solution of Cul, thiocyanic ions 
(SCN-) are adsorbed to the Cu atoms in Cul which is 
dissolved in a saturated state, and Cu-S(Sulfor) bonding 
occurs. This prevents bonding of Cul molecules dis- 
solved in a saturated state, so that the crystal growth of 
the Cul can be prevented, thereby enabling to obtain a 
finely grown Cul crystal. 

[0219] As described above, according to the solar cell 
1 A ; inconveniences derived from the coarse of the crys- 
tal grain size of the substance having the ion conductive 
property can be suppressed appropriately. 
[0220] The content of the crystal size coarse sup- 
pressing substance in the hole transport layer material 
is not particularly limited, and it is preferable that it is 
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about 1 x 10" 6 to 10wt%, and more preferably about 1 
x 1 Cr 4 to 1 0" 2 wt%. Within such a range of the numerical 
value, the effect described in the above becomes more 
conspicuous. 

[0221] Furthermore., when the hole transport layer 5 5 
is formed of a p-type semiconductor material, the hole 
transport layer material is prepared by dissolving or sus- 
pending the p-type semiconductor material in various 
kinds of organic solvent such as acetone, isopropyl al- 
cohol (IPA) or ethanol or a mixed solvent containing w 
these. Using such a hole transport layer material, the 
hole transport layer 5 is formed in a manner similar to 
the above. 

[0222] <6> Next, the second electrode 6 is formed on 
the top face of the hole transport layer 5. 15 
[0223] The second electrode 6 may be formed of a 
material composed of platinum or the like by using evap- 
oration method, sputtering method, printing method or 
the like. 

[0224] The solar cell 1 A can be manufactured accord- 26 
ing to the processes described in the above. 
[0225] Next, another method of manufacturing the so- 
lar cell 1 A will be described. 

[0226] Fig. 7 is a diagram illustrating another method 
for manufacturing the solar cell according to the first em- 25 
bodiment (enlarged sectional view showing the state be- 
fore joining the electron transport layer formed with the 
dye layer D and the hole transport layer). In this connec- 
tion, it should be noted that in the following description 
the upper side and the lower side of each layer (mem- 30 
ber) in Fig. 7 will be referred to as a top face and a bottom 
face, respectively. 

[0227] Further, in the following, a description will be 
made by focusing to the differences from the manufac- 
turing method in the above, and description about sim- 35 
ilar matters will be omitted. 

[0228] In this method, the solar cell 1 A is manufac- 
tured by joining a laminate 1 2A in which the hole trans- 
port layer material is coated on the bottom face of the 
second electrode 6, and a laminate 1 1 A of the substrate 40 
2, the first electrode 3 and the electron transport layer 
4 formed with the dye layer D so that the dye layer D is 
brought into contact with the coating of the hole trans- 
port layer material, as shown in Fig. 7. 
[0229] <V> to <4'> Processes similar to the above 
processes <1> to <4> are carried out. As a result, the 
laminate 11 A is obtained. 

[0230] <5'> On the other hand, a hole transport layer 
material is coated on one face of the second electrode 
6 composed of, for example, platinum. 50 
[0231] This process can be carried out similarly to the 
above process <5>. In this case, heat treatment of the 
coating is omitted, so that the coating of the hole trans- 
port layer material is in an unsolidified state. In this way, 
the laminate 12A is obtained. 55 
[0232] In the following, the hole transport layer mate- 
rial with the coating in an unsolidified state will be called 
as the hole transport layer 5. 



[0233] In this case, there are formed a plurality of pro- 
jections 51 on the bottom face of the hole transport layer 
5, so that the bottom face is in a rugged state. 
[0234] <6'> Next, the laminate 11 A and the laminate 
12A are joined so that the dye layer D is brought into 
contact with the hole transport layer 5. 
[0235] Here, it should be understood that in a solar 
cell with no provision of the barrier layer 8, when the 
porosity of the electron transport layer 4 is made large, 
there is a case that the hole transport layer 5 intrudes 
by caving into the holes 41 of the electron transport layer 
4 formed with the dye layer D with each projection 51 at 
the front. Further, the hole transport layer 5 penetrates 
the electron transport layer 4 formed with the dye layer 
D, thus resulting in a case that nearly all of the projec- 
tions 51 make contact with the first electrode 3. As a 
result, such a solar cell has a large leakage current, and 
its power generation efficiency deteriorates. 
[0236] In contrast, in the solar cell 1 A provided with 
the barrier layer 8 which is a short-circuit preventing 
means, when the laminate 12A is made to approach the 
laminate 11 A, the hole transport layer 5 also proceeds 
to cave in the electron transport layer 4 formed wit the 
dye layer D to the holes 41 with the projections 51 at the 
front. However, as soon as the hole transport layer 5 
reaches the barrier layer 8, it is prevented by the barrier 
layer 8 from making further approach to the first elec- 
trode 3. 

[0237] Moreover, by joining the hole transport layer 5 
so as to make it cave in the holes 41 of the electron 
transport layer 4 formed with the dye layer D, it is pos- 
sible to sufficiently increase the contact area of the hole 
transport layer 5 with the dye layer D. As a result, the 
transmission of the holes generated in the dye layer D 
to the hole transport layer 5 can be done more efficiently. 
[0238] Accordingly, such a solar cell 1 A can prevent 
or suppress the leakage current and its power genera- 
tion efficiency can be improved. 

Second Embodiment 

[0239] Next, a second embodiment of the solar cell 
will be described. 

[0240] Fig. 8 is a sectional view showing the solar cell 
of the second embodiment, and Fig. 9 is a diagram for 
describing the method of manufacturing the solar cell of 
the second embodiment (enlarged sectional view before 
joining the electron transport layer formed with the dye 
layer D with the hole transport layer). In this connection, 
it should be noted that in the following description the 
upper side and the lower side of each layer (member) 
in Fig. 8 and Fig. 9 will be referred to as a top face and 
a bottom face, respectively. 

[0241 ] Further, in the following, a solar cell 1 B shown 
in Fig. 8 will be described by focusing to the differences 
from the first embodiment, and description about similar 
matters will be omitted. 

[0242] The solar cell 1B of the second embodiment 
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has the same structure as that of the solar eel! 1 A of the 
first embodiment excepting that a spacer is provided as 
a short-circuit preventing means instead of the barrier 
layer. 

[0243] Namely, between the first electrode 3 and the 
second electrode 6, a spacer 7 is arranged so as to sur- 
round the electron transport layer 4 formed with the dye 
layer D and the hole transport layer 5. 
[0244] The spacer 7 is provided for regulating the 
space between the first electrode 3 and the hole trans- 
port layer 5, that is, to hold the space between them con- 
stant. 

[0245] Such a spacer 7 is formed of an insulating ma- 
terial. The insulating material is not particularly limited, 
but a photosetting resin such as a UV-curing resin, a 
heatsetting resin such as an epoxy resin may be men- 
tioned, and one kind or a combination of two or more 
kinds of these may be used. 

[0246] Here, the spacer 7 need not have a constitution 
to cover the electron transport layer 4 formed with the 
dye layer D and the hole transport layer 5, and may be 
given a constitution in which spherical bodies, bar-like 
bodies or the like are disposed around these layers, so 
long as it can regulate the space between the first elec- 
trode 3 and the hole transport layer 5. The bar-like body 
may have a circular, elliptical, or polygonal, such as tri- 
angular, rectangular, or the like : sectional form. 
[0247] The solar cell 1 B may be formed by almost the 
same manufacturing processes (see another manufac- 
turing method of the first embodiment) for the first solar 
cell 1 A of the first embodiment. In this case, in the final 
process, a laminate 11 B consisting of the substrate 2, 
the first electrode 3, the electron transport layer 4 
formed with the dye layer D and the spacer 7, and a 
laminate 12B consisting of a coating of a hole transport 
layer material (the hole transport layer 5) and the second 
electrode 6 are joined so that the dye layer D is brought 
into contact with the coating of the hole transport layer 
material. 

[0248] Here, in a solar cell where the spacer 7 is not 
provided, when the porosity of the electron transport lay- 
er 4 is increased, the hole transport layer 5 intrudes so 
as to cave into the holes 41 of the electrorTtransport 
layer 4 formed with the dye layer D with the projections 
51 at the front. Further, the hole transport layer 5 then 
penetrates the electron transport layer 4 formed with the 
dye layer D, thus leading to a case that almost all of the 
projections 51 make contact with the first electrode 3. 
As a result, such a solar cell has a large leakage current, 
and its power generation efficiency is deteriorated. 
[0249] In contrast, since the solar cell 1 B is provided 
with the spacer 7 which is a short-circuit preventing 
means, when the laminate 1 1 B is made to approach the 
laminate 12B, the hole transport layer 5 also intrudes 
into the electron transport layer 4 formed with the dye 
layer D so as to cause the projections 51 to cave in the 
holes 41 . However, as soon as the top face of the spacer 
7 and the bottom face of the second electrode 6 abut on 



with each other, further approach between the laminate 
11 B and the laminate 12B is blocked. At this time, the 
hole transport layer 5 is in a state in which it has caved 
in sufficiently to the electron transport layer 4 formed 
5 with the dye layer D, namely, in a sufficiently penetrated 
state. 

[0250] The average thickness of the spacer 7 (length 
H in Fig. 9) is set at a size so that the hole transport layer 
5 (projection 51) does not make contact with the first 

10 electrode 3. 

[0251] With such an arrangement, in the solar cell 1 B, 
the contact of the hole transport layer 5 with the first 
electrode 3 is prevented or suppressed. As a result, in 
such a solar cell 1 B, the leakage current is prevented or 

15 suppressed, and its power generation efficiency is im- 
proved. 

[0252] From such a viewpoint, it is preferred that the 
average thickness H of the spacer 7, the maximum 
thickness (hi in Fig. 9) of the hole transport layer 5 and 
20 the maximum thickness (h2 in Fig. 9) of the sum of the 
thicknesses of the electron transport layer 4 and the dye 
layer D (thickness of the electron transport layer with 
formed dye layer D) satisfy the condition hi 4- h2 > H > 
hi , and more preferably 1.1 hi > H > hi. By restricting 
25 the average thickness H of the spacer 7 in the above 
range : it is possible to satisfactorily prevent or suppress 
the short-circuiting due to electrical contact or the like 
between the electrode 3 and the hole transport layer 5. 
Moreover, with this arrangement, the contact area be- 
so tween the hole transport layer 5 and the dye layer D can 
be secured sufficiently. 

[0253] In this embodiment, it is also possible to en- 
hance the effect in the above by providing a barrier layer, 
similar to the barrier layer 8 described in the first em- 
35 bodiment , to the lower part of the electron transport layer 
4, namely, between the electron transport layer 4 and 
the first electrode 3. 

[0254] In the above, the solar cell according to the 
present invention has been described based on each 
40 illustrated embodiment, but the invention is not limited 
to these structures. Each part constituting the solar cell 
may be replaced by a part of an arbitrary constitution 
that can exhibit similar function. 

[0255] The solar cell according to the present inven- 
ts tion may be one obtained by a combination of arbitrary 
two or more constitutions among the first and second 
embodiments. 

[0256] Moreover, the photoelectric conversion device 
according to the present invention is applicable not only 
50 to the solar cell, but also to various kinds of devices (light 
receiving devices), such as an optical sensor and an op- 
tical switch, that convert received optical energy into 
electrical energy. 

[0257] Furthermore, in the photoelectric conversion 
55 device according to the present invention, the light inci- 
dence direction may be in the opposite direction, differ- 
ent from that shown in the figures, that is, their light in- 
cidence direction may be arbitrary. 
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EXAMPLES 

[0258] Hereinbelow, a description will be made with 
regard to the actual examples of the present invention. 

5 

Example 1 

[0259] A solar cell (photoelectric conversion element) 
shown in Fig. 1 was manufactured as follows. 
[0260] (0) First, a soda glass substrate having the size 10 
of 30mm (length) x 35mm (width) x 1 .0mm (thickness) 
was prepared. Then, this soda glass substrate was sub- 
jected to cleaning by immersing it into a cleaning solu- 
tion (a mixed solution of sulfuric acid and hydrogen per- 
oxide to clean its surface. is 
[0261] (1) Next, an electrode made of FTO (first elec- 
trode) having the size of 30mm (length) x 35mm (width) 
x 1.0mm (thickness) was formed on the top surface of 
the soda glass substrate by means of deposition. 
[0262] (2) Next, a barrier layer was formed on the re- 20 
gion of the FTO electrode having the size of 30mm 
(length) x 30mm (width). This barrier layer was formed 
as follows. 

Preparation of Barrier Layer Material> 25 

[0263] First, titanium tetraisopropoxide (organic tita- 
nium compound) was dissolved in an organic solvent of 
2-n-butoxyethanol solution so that its concentration be 
0.5mol/L to obtain a solution. 30 
[0264] Then, diethanolamine (additive) was added to 
the solution so that the combining ratio between the di- 
ethanolamine and the titanium tetraisopropoxide was 2: 
1 in molar ratio. 

[0265] In this way, a barrier layer material was ob- 35 
tained. In this case, the viscosity of the barrier layer ma- 
terial was 3Cp (at a room temperature). 

<Formation of Barrier Layer> 

40 

[0266] The barrier layer material was coated onto the 
FTO electrode by means of spin coating (one of coating 
methods) to obtain a coating. The spin coating was car- 
ried out through a rotation speed of 1500rpm. 
[0267] Then, a laminate comprised of the soda glass *5 
substrate, the FTO electrode and the coating was 
placed on a hot plate, and it was subjected to a heat 
treatment at a temperature of 160°C for 10 minutes, 
thereby drying the coating. 

[0268] Thereafter, the laminate was subjected to an- 
other heat treatment in an oven at a temperature of 
480°C for 30 minutes to remove the organic component 
remaining in the coating. 

[0269] These operations were repeated for ten times 
to form a laminate of the barrier layer material. 
[0270] In this way, a barrier layer having a porosity of 
less than 1% was obtained. The average thickness of 
the barrier layer was 0.9^m. 



[0271] (3) Next, a titanium oxide layer (which is an 
electron transport layer) was formed on the entire of the 
top face of the barrier layer. This was carried out as fol- 
lows. 

Preparation of Powder of Titanium Oxide> 

[0272] A powder of titanium oxide comprised of a mix- 
ture of rutile-type titanium dioxide and anatase-type ti- 
tanium dioxide was prepared. In this case, the average 
particle diameter of the titanium oxide powder was 
40nm, and the mixing ratio of the rutile-type titanium di- 
oxide with respect to the anatase-type titanium dioxide 
was 60:40 in weight. 

Preparation of Sol liquid (Titanium Oxide Layer 
Material)> 

[0273] First, titanium tetraisopropoxide (TPT) was 
dissolved in an organic solvent of 2-propanol so that its 
concentration be 1mol/L to obtain a solution. 
[0274] Then, acetic acid (additive) and distilled water 
were added to the solution. In this case : the combining 
ratio between the acetic acid and the titanium tetraiso- 
propoxide was 1 :1 in molar ratio and the combining ratio 
between the distilled water and the titanium tetraisopro- 
poxide was 1 :1 in molar ratio. 

[0275] Thereafter, the prepared titanium oxide pow- 
der was mixed in this solution. Then, this suspended liq- 
uid was diluted with 2-propanol by two times. In this way, 
a sol liquid, that is a titanium oxide layer material was 
prepared. 

Formation of Titanium Oxide Layer 

[0276] Next, the laminate comprised of the soda glass 
substrate, the FTO electrode and the barrier layer was 
placed on a hot plate which was being heated at a tem- 
perature of 140°C, and in this state the sol liquid (which 
is a titanium oxide layer material) was dropped (one of 
the coating methods) on the top surface of the barrier 
layer, and then it was dried. This operation was repeated 
for seven times to form a laminate. 
[0277] In this way, a titanium oxide layer having a po- 
rosity of 34% was obtained. In this case, the average 
thickness of the titanium oxide layer was 7.2u,m. 
[0278] Further, the resistance value in the thickness 
direction of the total of the barrier layer and the titanium 
oxide layer was equal to or greater than 1 kOVcm 2 . 
[0279] (4) Next, the laminate comprised of the soda 
glass substrate, the FTO electrode, the barrier layer and 
the titanium oxide layer was immersed into a saturated 
ethanol solution of rutenium tris(bipyridyl) (organic dye). 
Thereafter the laminate was taken out from the ethanol 
solution, and then it was naturally dried to volatilize the 
ethanol. Further, this laminate was dried by a clean oven 
at a temperature of 80°C for O.Shour, and then it was 
being left for one night. In this way, a dye layer D was 
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formed onto the outer surfaces of the titanium oxide lay- 
er as well as the inner surfaces of the holes thereof. 
[0280] (5) Next, the laminate comprised of the soda 
glass substrate, the FTO electrode, the barrier layer and 
the titanium oxide layer formed with the dye layer D was 
placed on a hot plate which was being heated at a tem- 
perature of 80°C, and in this state an acetonitrile solu- 
tion of Cul (which is a hole transport layer material) was 
dropped on the top surface of the titanium oxide layer 
formed with the dye layer D, and then it was dried. This 
operation was repeated to form a laminate so that a Cul 
layer (which is a hole transport layer) having the size of 
30mm (length) x 35mm (width) x 30u.m (thickness) was 
formed. 

[0281] In this case, tetrapropyl- ammonium iodide 
was added to the acetonitrile solution as a hole transport 
efficiency enhancing substance so that its content be 1 
x 10* 3 wt%. 

[0282] Further, in the acetonitrile solution, a cyano 
resin (cyanoethylate) was added as a binder for Cul so 
that the weight ratio of the Cul with respect to the cyano 
resin is 97:3. 

[0283] Furthermore, in the acetonitrile solution, sodi- 
um thiocyanate (NaSCN) was added as a crystal size 
coarse suppressing substance so that its content be 1 
x 10' 3 wt%. 

[0284] (6) Next, a platinum electrode (which is a sec- 
ond electrode) having the size of 30mm (length) x 
35mm (width) x 0.1mm (thickness) was formed on the 
top surface of the Cul layer by means of deposition. 

Example 2 

[0285] A solar cell was manufactured in the same 
manner as the Example 1 excepting that the operation 
for forming the barrier layer was repeated twice using 
barrier layer materials of different compositions. 

Preparation of Barrier Layer Material> 

[0286] First, titanium tetrachloride (which is an inor- 
ganic titanium compound) was dissolved in ethanol an- 
hydride so that its concentration be 1 .0mol/L. 
[0287] In this way, a barrier layer material was ob- 
tained. In this case, the viscosity of the obtained barrier 
layer material was 0.9cP (at a room temperature). 
[0288] Further, the porosity of the obtained barrier lay- 
er was less than 1%, and the average thickness thereof 
was 2.1 u.m. 

[0289] On the other hand, the porosity of the titanium 
oxide layer (electron transport layer) was 35%, and the 
average thickness thereof was 7.4p.m. 
[0290] Further, the resistance value in the thickness 
direction of the total of the barrier layer and the titanium 
oxide layer was equal to or greater than 1 kOJcm 2 . 



Example 3 

[0291] A solar cell was manufactured in the same 
manner as the Example 1 excepting that the operation 
5 for forming the barrier layer was repeated forthree times 
using barrier layer materials of different compositions. 

< Preparation of Barrier Layer Material> 

10 [0292] First, titanium oxyacetonate (which is an or- 
ganic titanium compound) was dissolved in 2-butanol so 
that its concentration be 1 .5mol/L. 
[0293] In this way, a barrier layer material was ob- 
tained. In this case, the viscosity of the obtained barrier 

'5 layer material was 1 3cP (at a room temperature). 

[0294] Further, the porosity of the obtained barrier lay- 
er was less than 1 %, and the average thickness thereof 
was 3.1 p.m. 

[0295] On the other hand ; the porosity of the titanium 
20 oxide layer (electron transport layer) was 33%, and the 
average thickness thereof was 6.9p.m. 
[0296] Further, the resistance value in the thickness 
direction of the total of the barrier layer and the titanium 
oxide layer was equal to or greater than 1 k£2/cm 2 . 

25 

Example 4 

[0297] A solar cell was manufactured in the same 
manner as the Example 1 excepting that the operation 
30 for forming the barrier layer was repeated for five times 
using barrier layer materials of different compositions. 

Preparation of Barrier Layer Material> 

•35 [0298] First, titanium tetraisopropoxide (TPT) was 
dissolved in an organic solvent of 2-propanol so that its 
concentration be 2.0mol/L to obtain a solution. 
[0299] Then, acetic acid (additive) was added to the 
solution so that the combining ratio between the acetic 

40 acid and the titanium tetraisopropoxide was 1 :1 in molar 
ratio. 

[0300] In this way, a barrier layer material was ob- 
tained. In this case, the viscosity of the obtained barrier 
layer material was 1 9cP (at a room temperature). 
45 [0301] Further, the porosity of the obtained barrier lay- 
er was less than 1 %, and the average thickness thereof 
was 4.7p.m. 

[0302] On the other hand, the porosity of the titanium 
oxide layer (electron transport layer) was 35%, and the 
50 average thickness thereof was 7.3p.m. 

[0303] Further, the resistance value in the thickness 
direction of the total of the barrier layer and the titanium 
oxide layer was equal to or greater than 1 ten/cm 2 . 

55 Example 5 

[0304] A solar cell (photoelectric conversion element) 
shown in Fig. 8 which was equipped with a spacer in- 
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stead of the barrier layer was manufactured in the same 
manner as the Example 1 . 

[0305] (0*)(1 ') The processes which were same as the 
processes (0) and ( 1 ) of the Example 1 were carried out. 
[0306] (2 1 ) Next, a titanium oxide layer (which is an 5 
electron transport layer) was formed on the region hav- 
ing the size of 30mm x 30mm in the top face of the 
formed FTO electrode. This was carried out as is the 
same with the process (3) of the Example 1 . 
[0307] In this way, a titanium oxide layer having a po- w 
rosity of 36% was obtained. In this case, the resistance 
value in the thickness direction of the total of the barrier 
layer and the titanium oxide layer was equal to or greater 
than 20kQ/cm 2 . 

[0308] (3') Next, a dye layer D was formed onto the is 
outer surfaces of the titanium oxide layer as well as the 
inner surfaces of the holes thereof. This was carried out 
as is the same with the process (4) of the Example 1 . 
The maximum thickness of the total of the titanium oxide 
layer and the dye layer was 10.1 ujn. 20 
[0309] (4') Next, outer peripheral portions of the tita- 
nium oxide layer formed with the dye layer was sur- 
rounded by an epoxy resin (a material of a spacer), and 
then it was hardened. 

[0310] In this way, a laminate comprised of the soda 25 
glass substrate, the FTO electrode, the titanium oxide 
layer formed with the dye layer and the spacer was ob- 
tained. In this case, the average thickness of the lami- 
nate was 31 .1u,m. 

[0311] (5*) Next, on a region in one surface of a plat- 30 
inum electrode (which is a second electrode) having the 
size of 30mm x 30mm, an acetonitrile solution of Cul 
(which is a hole transport layer material) was applied. 
This was carried out as is the same with the process (5) 
of the Example 1 , but the heat treatment was omitted. 35 
[0312] In this way, a laminate comprised of the plati- 
num electrode and the Cul coating (Cul layer) was ob- 
tained. In this case, the maximum thickness of the Cul 
layer was 29.6jxm. 

[0313] Next, these laminates were joined so that the 40 
dye layer was brought into contact with the Cul layer. 

Comparative Example 1 

[0314] A solar cell was manufactured in the same 45 
manner as the Example 1 excepting that the barrier lay- 
er (short-circuit preventing means) was omitted and that 
the titanium oxide layer (electron transport layer) was 
manufactured as follows. 

50 

Preparation of Powder of Titanium Oxide> 

[031 5] A powder of titanium oxide comprised of a ma- 
ture of rutile-type titanium dioxide and anatase-type ti- 
tanium dioxide was prepared. In this case, the average 55 
particle diameter of the titanium oxide powder was 
1 .2ujti, and the mixing ratio of the rutile-type titanium 
dioxide with respect to the anatase-type titanium dioxide 



was 60:40 in weight. 

Preparation of Sol liquid (Titanium Oxide Layer 
Material)> 

[0316] First, the prepared titanium oxide powder of 
50g was added to a distilled water of 100mL. 
[0317] Then, nitric acid (which is a stabilizer) was add- 
ed to the suspension, and the mixture was thoroughly 
kneaded in a mortar made of agate. 
[031 8] Thereafter, distilled water of 1 0OmL was added 
to the suspension and then it was further kneaded. In 
this case, the amount of the added distilled water was 
determined so that the final ratio of the nitric acid with 
respect to the water became 20:80 in volume ratio. At 
this time, the viscosity of the suspension was 5cP (at a 
room temperature). 

[0319] Next, a nonionic surfactant (produced by ICN 
Biomedical Co., Ltd. Under the product name of "Triton- 
X 100") was added to the suspension so that the final 
concentration be about 1 0wt%, and then the suspension 
was kneaded. In this way, a coating liquid (titanium oxide 
layer material) was prepared. 

<Formation of Titanium Oxide Layer> 

[0320] Next, on a region in one surface of the FTO 
electrode having the size of 30mm x 30mm, the titanium 
oxide layer material was applied by dipping (one of the 
coating methods), and then it was subjected to sintering 
(heat treatment) at a temperature of 450°C for two 
hours. 

[0321] In this way, a titanium oxide layer having a po- 
rosity of 91% was obtained. In this case, the average 
thickness of the titanium oxide layer was 9.9u.m. Further, 
the resistance value in the thickness direction of the ti- 
tanium oxide layer was 20kQ/cm 2 . 

Comparative Example 2 

[0322] A solar cell was manufactured in the same 
manner as the Example 1 excepting that the titanium 
oxide layer (electron transport layer) was omitted. 

<Formation of Barrier Layer> 

[0323] The operation for forming the barrier layer in 
the Example 1 was repeatedly carried out against a re- 
gion on the top surface of the FTO electrode having the 
size of 30mm x 30mm. 

[0324] In this way ; a barrier layer having a porosity of 
less than 1% was obtained. In this case, the average 
thickness of the barrier layer was 10.2ujn. 
[0325] Further, in this barrier layer, rutile-type titanium 
dioxide and anatase-type titanium dioxide were existed 
with the ratio of 65:35. Furthermore, the resistance val- 
ue in the thickness direction of the barrier layer was 
equal to or greater than 1 kO/cm 2 . 
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Evaluation i 

[0326] For each of the solar cells provided by the Ex- 
amples 1 to 5 and the Comparative Examples 1 and 2, 
a resistance value when a voltage of 0.5V was applied 
in the state that the FTO electrode was positive and the 
platinum electrode was negative was measured. 

Evaluation 2 

[0327] For each of the solar cells provided by the Ex- 
amples 1 to 5 and the Comparative Examples 1 and 2, 
a photoelectrical conversion efficiency at the time when 
light from an artificial sun light was incident thereupon 
was measured. In this case, the angle of incidence of 
light on the dye layer D (the electron transport layer 
formed with the dye layer) was set to 90 and 52 , and 
the photoelectric conversion efficiency for each of the 
angles of incidence of light on the dye layer of 90 and 
52 was designated by R 90 and R 52 , respectively. 
[0328] The results of the measurements in the evalu- 
ations 1 and 2 were shown in the attached Table 1 . 
[0329] As seen from the results shown in the Table 1 , 
in each of the solar cells of the Examples 1 to 5 which 
have the short-circuit preventing means (that is, the bar- 
rier layer or spacer), it has been confirmed that a short- 
circuit caused by contact or the like between the FTO 
electrode and the Cul layer was satisfactorily prevented 
or suppressed, so that it had an excellent photoelectric 
conversion efficiency. 

[0330] In contrast, in each of the solar cells of the 
Comparative Examples 1 and 2 in which either one of 
the barrier layer (short-circuit preventing means) or the 
titanium oxide layer (electron transport layer) was omit- 
ted, it has been confirmed that their photoelectric con- 
version efficiencies were poor. 

[0331] The reason that the photoelectric conversion 
efficiency of the Comparative Example 1 was poor was 
supposed to result from the occurrence of the leakage 
current due to the short-circuiting (electrical contact) be- 
tween the FTO electrode and the Cul electrode as ap- 
parent from the results of the evaluation 1 . 
[0332] Further, the reason that the photoelectric con- 
version efficiency of the Comparative Example 2 was 
poor was supposed to result from the facts that the po- 
rosity of the barrier layer was low and that the amount 
of the adsorption of the rutenium tris(bipyridyl) was little 
due to the low porosity. 

[0333] Further, in each of the solar cells of the Exam- 
ples 1 to 5, the value of R52/R90 and R 52 was equal to 
or greater than 0.85. This shows that each of these solar 
cells of the Examples 1 to 5 had a lower directivity for 
light. 

[0334] As described above, since the present inven- 
tion is provided with the short-circuit preventing means, 
it is possible to effectively prevent or suppress occur- 
rence of short-circuit caused by electrical contact be- 
tween the first electrode and the hole transport layer and 



thereby to generate eiecirons with high efficiency, so 
that extremely excellent photoelectric conversion effi- 
ciency can be accomplished. 

[0335] Further, in the present invention, by using the 
5 sol-gel method employing a sol liquid containing powder 
of the electron transport layer material, it is possible to 
form an electron transport layer more easily and reliably. 
[0336] Furthermore, in the present invention,, by using 
the MOD method in providing the barrier layer as the 
10 short-circuit preventing means, it is possible to form a 
barrier layer more easily and reliably. Moreover, the pho- 
toelectric conversion element of the present invention 
can be manufactured easily at a low cost. 
[0337] Finally, it is to be understood that the present 
15 invention is not limited to the embodiments and exam- 
ples described above, and many changes or additions 
may be made without departing from the scope of the 
invention which is determined by the following claims. 

20 

Claims 

1 . A photoelectric conversion element, comprising: 

25 a first electrode; 

a second electrode arranged opposite to the 
first electrode; 

an electron transport layer arranged between 
the first electrode and the second electrode, at 
30 least a part of the electron transport layer being 

formed into porous; 

a dye layer which is in contact with the electron 
transport layer; 

a hole transport layer arranged between the 
35 electron transport layer and the second elec- 

trode; and 

short-circuit preventing means for preventing 
or suppressing short-circuit between the first 
electrode and the hole transport layer. 

40 

2. The photoelectric conversion element as claimed in 
claim 1 , wherein the short-circuit preventing means 
includes a barrier layer having a porosity smaller 
than the porosity of the electron transport layer. 

45 

3. The photoelectric conversion element as claimed in 
claim 1 , wherein when the porosity of the barrier lay- 
er is defined by A% and the porosity of the electron 
transport layer is defined by B%, the value of B/A is 

50 equal to or greater than 1 .1 . 

4. The photoelectric conversion element as claimed in 
claim 2, wherein the porosity of the barrier layer is 
equal to or less than 20%. 

55 

5. The photoelectric conversion element as claimed in 
claim 2, wherein the ratio of the thickness of the bar- 
rier layer with respect to the thickness of the elec- 
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tron transport layer is in the range of 1 .99 to 60:40. 

6. The photoelectric conversion element as claimed in 
claim 2, wherein the average thickness of the bar- 
rier layer is in the range of 0.01 to 10p.m. 

7. The photoelectric conversion element as claimed in 
claim 2, wherein the barrier layer has electric con-' 
ductivity which is substantially the same as that of 
the electron transport layer. 

8. The photoelectric conversion element as claimed in 
claim 2, wherein the barrier layer is mainly consti- 
tuted from titanium oxide. 

9. The photoelectric conversion element as claimed in 
claim 2, wherein the barrier layer is formed by 
means of a MOD method including a metal organic 
deposition and a metal organic decomposition. 

10. The photoelectric conversion element as claimed in 
claim 9, wherein the barrier layer is formed using a 
barrier layer material when the barrier layer is 
formed by means of the MOD method, in which the 
barrier layer material contains a metal alkoxide and 
an additive having a function for stabilizing the met- 
al alkoxide. 

1 1 . The photoelectric conversion element as claimed in 
claim 10, wherein the additive is a hydrolysis sup- 
pressing agent that suppresses hydrolysis of the 
metal alkoxide by being replaced with alkoxyl group 
of the metal alkoxide and coordinated with the me- 
tallic atoms of the metal alkoxide. 

12. The photoelectric conversion element as claimed in 
claim 2, wherein the resistance value in the thick- 
ness direction of the total of the barrier layer and 
the electron transport layer is equal to or greater 
than 1 00kfi/cm 2 . 

1 3. The photoelectric conversion element as claimed in 
claim 2, wherein the barrier layer is disposed be- 
tween the barrier layer and the electron transport 
layer. 

1 4. The photoelectric conversion element as claimed in 
claim 1 3, wherein the boundary between the barrier 
layer and the electron transport layer is unclear. 

1 5. The photoelectric conversion element as claimed in 
claim 13, wherein the barrier layer and the electron 
transport layer are integrally formed with each oth- 
er. 

16. The photoelectric conversion element as claimed in 
claim 2, wherein a part of the electron transport lay- 
er functions as the barrier layer. 



1 7. The photoelectric conversion element as claimed in 
claim 1 , wherein the short-circuit preventing means 
is a spacer which defines a space between the fist 
electrode and the hole transport layer. 

5 

1 8. The photoelectric conversion element as claimed in 
claim 13, wherein when the average thickness of 
the spacer is defined by H pm s the maximum thick- 
ness of the hole transport layer is defined by hi pm, 

*o and the total thickness of the electron transfer layer 
and the dye layer is defined by h2 urn, they are con- 
figured so as to satisfy the relationship represented 
by the formula of hi + h2 > H > hi . 

1 $ 19. The photoelectric conversion element as claimed in 
claim 1, wherein the dye layer functions as a light 
receiving layer which generates electrons and 
holes when receiving light. 

20 20. The photoelectric conversion element as claimed in 
claim 1 , wherein the electron transport layer has an 
outer surface and a number of holes each having 
an inner surface, and the dye layer is formed on the 
outer surface of the electron transport layer as well 

25 as along the inner surfaces of the holes. 

21 . The photoelectric conversion element as claimed in 
claim 18, wherein the electron transport layer has 
at least a function that transports the electrons gen- 

30 erated in the dye layer. 

22. The photoelectric conversion element as claimed in 
claim 1, wherein the electron transport layer is 
formed into a film-like shape. 

35 

23. The photoelectric conversion element as claimed in 
claim 1 8, wherein the average thickness of the elec- 
tron transport layer is in the range of 0.1 to 300ujn. 

40 24. The photoelectric conversion element as claimed in 
claim 1 , wherein the porosity of the electron trans- 
port layer is in the range of 5 to 90%. 

25. The photoelectric conversion element as claimed in 
45 claim 1 , wherein at least a part of the electron trans- 

port layer is formed of an electron transport layer 
material in the form of powder having the average 
particle size of 1nm to 1u,m. 

50 26. The photoelectric conversion element as claimed in 
claim 1 , wherein at least a part of the electron trans- 
port layer is formed of an electron transport layer 
material by means of a sol-gel method employing a 
sol liquid containing powder having the average 

55 particle size of 1 nm to 1u.m. 

27. The photoelectric conversion element as claimed in 
claim 26, wherein the content of the powder of the 
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electron iianspurt material in the soi liquid is in the 
range of 0.1 to 10wt%. 

28. The photoelectric conversion element as claimed in 
claim 1 , wherein the electron transport layer is 
mainly formed of titanium dioxide. 

29. The photoelectric conversion element as claimed in 
claim 1, wherein the hole transport layer is mainly 
formed of a substance having ion conductive prop- 
erty. 

30. The photoelectric conversion element as claimed in 
claim 29, wherein the substance having the ion con- 
ductive property is a metal halide compound. 

31 . The photoelectric conversion element as claimed in 
claim 30, wherein the metal halide compound in- 
cludes a metal iodide compound. 

32. The photoelectric conversion element as claimed in 
claim 29, wherein the hole transport layer is formed 
by applying the hole transport material containing 
the substance having the ion conductive property 
onto the dye layer by means of a coating method. 

33. The photoelectric conversion element as claimed in 
claim 32, wherein the hole transport layer is formed 
by applying the hole transport layer material onto 
the dye layer while the dye layer is being heated. 

34. The photoelectric conversion element as claimed in 
claim 32 : wherein the hole transport layer material 
contains a crystal size coarse suppressing sub- 
stance which suppresses increase in the crystal 
size of the substance having the ion conductive 
property when the substance crystallizes. 

35. The photoelectric conversion element as claimed in 
claim 34, wherein the content of the crystal size 
coarse suppressing substance in the hole transport 
layer material is in the range of 1 x 10' 6 to 1 0wt%. 

36. The photoelectric conversion element as claimed in 
claim 34, wherein the crystal size coarse suppress- 
ing substance includes thiocyanic acid salt. 

37. The photoelectric conversion element as claimed in 
claim 34, wherein the crystal size coarse suppress- 
ing substance includes ammonium halide. 

38. The photoelectric conversion element as claimed in 
claim 34, wherein the crystal size coarse suppress- 
ing substance includes cyanoethylate. 

39. The photoelectric conversion element as claimed in 
claim 34, wherein the crystal size coarse suppress- 
ing substance suppresses the increase in the crys- 



42 

tai sue of the metal iodide compound when the met- 
al iodide compound crystallizes by being bonded to 
the metallic atoms of the metal iodide compound. 

5 40. The photoelectric conversion element as claimed in 
claim 32, wherein the hole transport layer material 
contains a hole transport efficiency enhancing sub- 
stance that enhances the transport efficiency of the 
holes. 

10 

41 . The photoelectric conversion element as claimed in 
claim 40, wherein the content of the hole transport 
efficiency enhancing substance in the hole trans- 
port layer material is in the range of 1 x 1 0 -4 to 1 x 

15 10- 1 wt%. 

42. The photoelectric conversion element as claimed in 
claim 40, wherein the hole transport efficiency en- 
hancing substance includes a halide. 

20 

43. The photoelectric conversion element as claimed in 
claim 42, wherein the halide is ammonium halide. 

44. The photoelectric conversion element as claimed in 
25 claim 1 , further comprising a substrate for support- 
ing the first electrode. 

45. The photoelectric conversion element as claimed in 
claim 1 , wherein when the first electrode and the 

30 second electrode are applied with a positive and a 
negative voltage, respectively, with their difference 
being 0.5V, its resistance is larger than about 10011/ 
cm 2 . 

35 46. The photoelectric conversion element as claimed in 
claim 1 , wherein when the photoelectric conversion 
efficiency for the angle of incidence of light on the 
dye layer of 90 and 52 are designated by R 90 and 
R 52 , respectively, the ratio R52/R90 is larger than 

40 0.8. 

47. The photoelectric conversion element as claimed in 
any one of claims 1 to 46 : wherein the photoelectric 
conversion element is a solar cell. 

45 
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